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PREFACE 


The  Joint  International  Symposium  on  Molten  Salts  is  a  joint 
effort  between  the  Electrochemical  Society  and  the  Electrochemical 
Society  of  Japan.  Since  1976  the  Electrochemical  Society  has 
sponsored  five  international  symposia  on  molten  salts;  the  current 
symposium  is  the  sixth  symposium  in  this  series.  In  1983  the  Molten 
Salt  Committee  of  the  Electrochemical  Society  of  Japan  chaired  by 
Professor  N.  Watanabe  sponsored  the  First  International  Symposium  on 
Molten  Salt  Chemistry  and  Technology;  the  current  symposium  is  also 
the  second  symposium  in  that  series.  This  collaboration  between  the 
two  societies  has  resulted  in  one  of  the  largest  meetings  ever 
devoted  to  molten  salts;  123  papers  will  be  presented  at  this 
Symposium  of  which  over  607.  are  included  in  the  proceedings  volume. 
The  presence  of  many  papers  from  countries  other  than  (he  U.S.  and 
Japan  is  a  good  indicator  of  the  increased  interest  throughout  the 
world  in  molten  salt  chemistry  and  its  applications  to  areas  such  as 
batteries  and  fuel  cells,  production  of  light  metals, 
electrodeposition  of  refractory  metals,  synthesis  of  new  materials, 
thermal  energy  storage  as  well  as  other  uses. 

I  would  like  to  express  my  appreciation  to  the  Cochairmen  of  this 
Symposium,  Milton  Blander,  Hironao  Kojima,  Zensaku  Kozuka,  Marie- 
Louise  Saboungi,  Nobuatsu  Watanabe  as  well  as  to  the  other  editors  of 
this  volume  who,  in  addition  to  Drs.  Blander  and  Saboungi,  include 
Drs.  Charles  Hussey,  Charmaine  Mamantov  and  John  Wilkes.  The  timely 
work  by  this  group  of  editors  is  making  it  possible  to  provide  this 
voLume  in  time  for  the  Symposium.  The  assistance  of  Dr.  George 
Shankle,  Robert  Walton,  Connie  Robledo  and  P.enee  Thomas  is  also 
gratefully  acknowledged. 


Gleb  Mamantov 
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DEDICATION 

PROFESSOR  HAKON  FLOOD 


The  Joint  International  Symposium  on  Molten  Salts  wishes  to 
dedicate  this  volume  to  one  of  the  founding  fathers  zf  modern  molten 
salt  chemistry,  professor  Hakon  Flood,  Trondheim,  Norway. 

Hakon  Flood  was  Porn  September  25,  1905  and  graduated  from  the 
Norwegian  Institute  of  Technology,  Trondheim  in  1930,  majcring  in 
inorganic  chemistry  ana  electrochemi stry . 

Flood  spent  the  year  1930-1931  in  Berlin  at  the  famous  institute 
of  Professor  Max  Volmer.  Returning  home  in  1932.  he  became  a 
research  associate  at  his  alma  mater.  In  1933  he  was  granted  a  leave 
of  absence  and  returned  to  Volmer's  institute  to  finish  his  Doctor  s 
Thesis.  The  tonic  was:  Tropfchenbi  ldung  in  Ubersatti gten  Oamo-'en. 
Pradikat:  Mit  Auszeichnung  bestanden.  HSkon  Flood  was  appointed 
Docent  (associate  professor)  in  inorganic  chemistry  at  The  Norwegian 
Institute  of  Technology  in  1935  and  held  this  position  until  he  was 
appointed  full  professor  in  inorganic  chemistry  at  the  same 
university  in  1953. 

Professor  Flood's  scientific  production  in  the  years  following 
the  completion  of  his  studies  in  Berlin  is  mainly  in  the  field  of 
phase  kinetics.  However,  in  the  late  thirties  he  became  interested 
In  certain  asnects  of  analytical  chemistry  and  in  several  papers  ne 
made  important  contributions  to  the  theory  of  potentiometric 
titration.  In  this  period  Flood  also  took  up  the  study  of 
vanadi um-oxyhal ides ,  a  study  which  was  later  expanded  to  a  more 
general  study  of  oxide  systems  containing  vanadium.  This  worx. 
resulted  in  one  of  the  first  papers  on  semi -conduct' ng 
nonstoichiometric  compounds.  During  the  early  forties  most  of 
Professor  Flood's  scientific  production  was  in  the  field  zf 
analytical  chemistry.  Among  his  papers  from  this  period  are 
pioneering  contributions  to  caper  chromatography . 

Later  'n  the  forties  Professor  clood  turned  toward  the  area  of 
research  for  which  ne  has  become  best  <nown:  Rign-temcerature  and 
molten  salt  chemistry.  In  this  field  ne  has  won  widespread 
international  -ecogm  tion ,  and  he  nas  created  what  may  oe  called  a 
Norwegian  school  in  the  field  of  the  cnemistry  of  molten  salts.  The 
first  part  of  Professor  Flood's  hi gh-temperature  cnemistry  period  is 
mainly  devoted  to  acid-base  reactions  in  oxide  systems.  In  this 
field  he  has  made  contributions  to  the  elucidation  and  definition  of 
fundamental  concents,  which  have  resulted  in  -ext  books  on  inorganic 
chemistry  referring  to  “The  Flood-Lux"  concep'  of  acid  base  reactions 
in  oxide  systems.  In  1949  The  Norwegian  Institute  of  Silicate 
Chemistry  was  established  through  funds  granted  from  The  Royal 
Norwegian  Council  for  Scientific  and  Industrial  Research.  In 
recognition  of  his  achievements  in  this  field  of  research,  Flood  was 
appointed  the  director  of  this  institute  in  addition  to  continuing  in 
his  position  in  inorganic  chemistry  at  The  Technical  University  of 
Norway.  At  this  time  Professor  Flood's  research  facil;-les  were 
greatly  improved  and  his  inspiring  leadership  attracted  a  numoe’'  of 
students  and  young  scientists  to  work  with  him. 


A  major  problem  which  engaged  Flood's  group  in  the  following 
years  was  the  thermodynamics  of  molten  salt  mixtures.  Some  of  the 
early  papers  on  activity-composition  relations  in  molten  salt 
mixtures  by  Flood  and  his  co-workers  are  now  considered  classic 
contributions  to  the  literature  in  this  field,  and  a  large  number  of 
later  publications  by  Flood  and  his  co-workers  have  served  to  test 
and  further  elucidate  some  of  the  theories  formulated  in  the  earlier 
papers . 

Professor  Flood  has  also  maintained  an  interest  in  pnase- 
transition  reactions  and  in  the  formation  of  defects  in  solids.  A 
considerable  part  of  his  research  work  In  high  temperature  chemistry 
has  also  been  directly  related  to  industrial  problems. 

Professor  Flood's  success  :n  creating  an  internationally-known 
Norwegian  school  of  molten  sa't  chemistry  testifies  to  his  rare 
combination  of  intellectual  capacity  with  the  inspiring  personality 
which  ignites  in  his  students  and  associates  the  enthusiasm  and 
scientific  curiosity  which  are  so  typical  of  Flood.  The  stimulating 
atmosphere  in  Flood's  institute  in  Trondheim  not  only  has  provided  an 
excellent  starting  point  for  many  young  Norwegians  who  are  now 
engaged  in  research  and  teaching  in  the  field  of  high-temperature 
chemistry,  but  has  also  provided  for  foreign  visitors  the  kind  of 
surroundings  in  which  they  worked  happily  and  productively  and  from 
which  they  emerged  with  renewed  scientific  enthusiasm. 
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MAX  BREDIG  AWARD  ACCEPTANCE  SPEECH 


CREATING  A  CRYSTAL  BALL  FOR  MOLTEN  SALT  SOLUTIONS 


Milton  Blander 
Argonne  National  Laboratory 
Chemical  Technology  Division 
Materials  Science  and  Technology  Program 
Argonne,  Illinois  60439-4837 


The  two  parts  of  the  title,  “Max  Bredig  Award”  and  ’’Molten  Salt  Chem¬ 
istry,"  define  the  double  honor  I  feel  in  accepting  this  award.  First,  I  am  honored 
because  it  bears  the  name  of  Max  Bredig.  He  was  a  warm  and  gentle  person 
who  influenced  me  with  his  definitive  scientific  views,  which  emphasized  accuracy 
of  measurements  as  well  as  caution  and  precision  in  the  description  of  results. 
When  we  were  colleagues  at  the  Oak  Ridge  National  Laboratory  (ORNL),  about 
thirty  years  ago,  he  encouraged  me  to  examine  the  concepts  of  complex  ions  in 
order  to  better  define  this  loosely  used  term,  which  was  too  often  a  catchall 
to  “explain”  the  unexplainable.  Second,  I  am  honored  because  the  core  of  my 
scientific  work  has  been  molten  salt  chemistry  and  this  award  lends  support  to 
my  choice  of  methods  and  views,  which  have  proven  to  be  productive  and  useful 
in  technology. 

Over  the  years,  my  work  has  focused  on  a  number  of  different  topics.  It 
would  not  be  possible  to  discuss  them  all.  Instead,  1  would  like  to  emphasize  two 
general  thoughts  that  I  have  often  called  upon  to  guide  my  thinking.  The  first 
is  that  molten  salts  are  relatively  simple  as  a  solvent  and  should  be  relatively 
simple  to  model  theoretically.  I  remember  returning  home  from  an  interview  for 
a  position  to  do  research  on  molten  salts  with  the  reactor  group  led  by  Warren 
Grimes  at  ORNL.  On  the  flight,  I  asked  myself  why  I  had  the  feeling  that 
molten  salts  are  difficult,  “gunky”  materials  to  study  when  many  of  them  can 
be  represented  by  a  simple  collection  of  charged  spheres.  At  that  point,  I  derided 
to  accept  the  position.  The  second  thought,  which  is  implied  by  the  title  of  my 
talk,  sounds  obvious,  but  is  one  that  is  too  little  followed.  It  is.  that  concepts 
and  theories  developed  to  describe  molten  salts  (or  any  other  materials  for  that 
matter)  should  ultimately  provide  the  means  for  making  predictions  far  beyond 
the  scope  of  the  information  used  to  deduce  them.  Too  many  “theories”  in  the 
early  days  of  molten  salt  research  could  only  describe  past  results,  but  not  predict 
anything  to  come.  A  “crystal  ball”  was  needed  to  predict  future  experiments 
and  properties  of  technological  materials.  It  is  not  only  the  complexity  or  beauty 
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of  concepts  and  theories  which  makes  them  important,  it  is  the  ability  to  use 
them  to  make  scientifically  and  technologically  useful  predictions  a  priori. 

In  my  early  work  at  ORN'L  I  became  intrigued  by  the  properties  of  a  par¬ 
ticular  class  of  ternary  molten  fluoride  phase  diagrams  of  interest  for  nuclear 
reactors.  These  contained  two  alkali  fluorides  mixed  with  ZrF,t,  BeFj,  UF*  or 
ThF4.  Figure  1  exhibits  the  topology  of  one  of  these  phase  diagrams,  that  for 
the  LiF-RbF-BeFj1  system.  The  liquidus  isotherms  (which  are  also  isoactivity 
curves)  for  LiF  are  strongly  bowed  in  a  manner  which  clearly  indicates  strong 
positive  deviations  front  ideal  solution  behavior,  whereas  the  RbF  liquidus  in¬ 
dicates  somewhat  negative  deviations  from  ideal  solution  behavior.  Thus,  in  a 
single  system,  two  different  components  exhibited  opposite  deviations  from  ideal 
behavior.  This  property  was  contrary  to  common  beliefs  of  solution  chemists. 
A  cursory  investigation  uncovered  many  systems  like  this.  The  closeness  of  the 
properties  of  the  LiF-BeF2  system  to  those  of  silicates  led  to  the  realization  that 
many  important  silicate  and  oxide  systems,  e.g.,  CaO-FeO-SiOj,  behaved  in  a 
similar  manner.  In  an  extreme  case,  the  positive  deviations  of  FeO  were  so  large 
in  the  CaO-FeO-PjOs  system  that  a  miscibility  gap  was  present.  I  was  to  return 
to  silicates  twenty-five  years  later.  The  magnitude  of  the  effect  seemed  to  be 
related  to  the  differences  in  the  stabilities  of  the  compounds  such  as,  Rb2BeF4 
and  LizBeF4.  It  became  obvious  that  the  controlling  factor  was  the  sign  and 
magnitude  of  the  free  energy  change  of  the  corresponding  metathetical  reaction, 

at;;' 

LiF(t)  t  l2RhBeFi((y^RbF(t)  +■  ^Li2BeF4(t)  (1) 

which  is  positive  and  large.  The  dissolution  of  LiF  in  Rb2BeF<  can  be  defined  in 
terms  of  reaction  (l)  and  the  standard  free  energies  of  solution  ofRbF(f)  (iG"f) 
and  |Li2jBeF4(f)(AG^t)  in  Rb2BeF4.  If  AG^  is  positive  and  very  large  and  the 
values  of  A G’F  and  AG^  for  the  corresponding  binary  systems  are  relatively 
small  (which  is  commonly  true),  then  LiF  will  have  large  positive  deviations 
from  ideal  behavior.  Correspondingly,  RbF  would  exhibit  negative  deviations 
from  ideal  behavior.  This  sort  of  analysis  provided  a  rationalization  of  the  odd 
behavior  of  these  systems. 

Another  observation  was  that  these  systems  resembled  reciprocal  systems, 
which  have  at  least  two  cations  and  two  anions.  For  example,  we  see  in  Figure 
2  that  some  of  the  characteristics  of  the  phase  diagram  for  the  Li  +  ,  K’  /F  , 
CP  reciprocal  system2  parallel  those  of  the  lower  portion  of  the  LiF-RbF-BeF2 
system  in  Figure  1.  In  fact,  the  deviations  from  ideality  are  so  large  in  the 
Ag+ ,  K  +  /NOJ,  Cl  reciprocal  system  that  there  is  a  low  solubility  of  AgCl  in 
KNO3  and  a  liquid-liquid  ternary  miscibility  gap.  For  this  latter  type  of  system  I 
deduced  a  simple  method  for  calculating  the  enthalpy  and  standard  free  energy 


of  solution  by  consideration  of  three  steps.3'4  For  solid  AgCl  in  KNO3,  these 
steps  are 

AgClls)  -  KXO:l(().  ’KCl{t)  +  AgX03(t)  (2) 

-KC'Hx  liilri  ir>  KXO3)  (3) 

AgXOjlf)  ~AgXOj(x  diln  in  KXO3I  (4) 

Thus,  the  free  energy  and  enthalpy  would  be 

AC2  4-  AG 3  +  A G\  AGh-oln  RTlnKSp  (5) 

A  H{  4  A  H\  +  A  HI  A  H,oln  (6) 

where  the  asterisk  (*)  denotes  a  standard  value.  Equations  (3),  (4),  and  (5) 
provide  an  exact  method  for  calculating  the  solubility  product.  In  general,  the 
largest  contributions  come  from  the  metathetica!  reaction  (Eq.  (2)),  Steps  such 
as  Eqs.  (3)  and  (4)  are  generally  relatively  small  for  insoluble  materials  such  as 
AgOl. 

In  1956  I  discovered  a  key  paper  by  Flood,  Forland,  and  Grjotheim  (FFG),5 
who  had  used  a  simple  cycle  to  deduce  an  important  equation  for  reciprocal 
systems.  For  example,  for  the  Lif,  Kf/F~,  Cl"  system,  the  total  excess  free 
energy  of  mixing  (A G^)  of  the  three  components  LiF,  KF,  and  KOI  is  given  by 
five  terms 


A c;i  =Xl,XciAG‘-  t  XuXkXfXf  t  XuXkXciXci 

+  XFXciXLtXL,  4  XFXC,XK\K  (7) 

where  AG “  is  the  standard  free  energy  change  for  the  metathetica!  reaction  LiF 
I-  KC1  <=t  KF  +-  LiCl,  and  X,  is  a  “regular”  solution  interaction  parameter  for 
the  binary  system  containing  two  salts  with  the  common  ion  i.  Equation  (7), 
although  inexact,  contained  within  it  ail  the  concepts  implicit  in  the  exact  Eqs. 
(5)  and  (6).  More  important,  it  showed  promise  for  calculating  thermodynamic 
properties  at  all  concentrations.  When  calculating  the  ratios  of  activities  of 
components,  the  authors  were  successful.  However,  Eq.  (7)  did  not  work  for  the 
calculation  of  absolute  values  of  activities  of  components.  They  considered  the 
use  of  quasichemical  theory  (QCT)  to  explain  discrepancies  between  the  phase 
diagram  for  the  Lif,  K+/F",  Cl"  system  and  that  predicted  by  Eq.  (7).  For 
example,  Eq.  (7)  leads  to  the  prediction  of  a  nonexistent  miscibility  gap  and 
to  higher  liquidus  temperatures  than  those  measured.  Flood  et  al.  calculated 
the  magnitude  of  the  correction  to  the  total  excess  free  energy  of  mixing  from 
the  QCT  and  found  it  to  be  small.  As  a  consequence,  they  did  not  explore  the 
QCT  further.  After  considerable  study,  we6  realized  that  the  phase  relations 
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considered  are  not  controlled  hv  the  magnitude  of  the  total  excess  free  energy, 
but  by  the  magnitude  of  the  first  derivatives  related  to  the  activity  coefficients 
of  a  component  and  to  the  second  derivatives  which  define  an  inflection  in  the 
free  energy  of  mixing  and  miscibility  gaps.  A  series  expansion  of  the  equations 
deduced  from  the  QCT  *ed  to  a  term  which  can  be  added  to  Eq.  (7)  in  an  ad 
hoc  manner 


AC.' 


AG’f;  [Eq.  7) 


X,,XKXFXcl 


(AG  )2 
2  ZRT 


(8) 


where  Z  is  a  nearest  neighbor  coordination  number.  From  the  empirical  combi¬ 
nation  of  the  QCT  theory  and  the  four  binary  terms  containing  A,  in  Eq.  (7), 
one  can  obtain  a  useful  approximation2  for  the  upper  consolute  temperature 
(the  temperature  below  which  one  has  a  miscibility  gap) 


m  AG’  Ait  t  An*  t-  Ac  +  b) 

5.5Tr  „  t  ---  -  -  -  -  (9 

R  2  R 

From  Eq.  (7),  the  coefficient  of  T c  would  be  4.0,  and  the  apparent  value  of  T< 
would  be  about  38°c  higher  than  that  calculated  from  Eq.  (9).  Values  of  T( 
calculated  from  Eq.  (9)  are  consistent  with  a  large  number  of  measurements  of 
miscibility  gaps.  (Jp  to  this  point,  the  equations  have  been  deduced  in  an  ad 
hoc  way  by  combining  the  QCT  (which  does  not  take  coulomb  interactions  into 
account)  with  the  four  binary  terms  deduced  by  FFG.  As  will  be  discussed  later, 
these  results  are  a  natural  consequence  of  the  conformal  ionic  solution  theory, 
which  was  the  first  solution  theory  to  specifically  take  coulomb  interactions  into 
account. 

In  effect,  the  term  expressed  in  Eq.  (8)  is  a  first  correction  term  for  non¬ 
random  mixing  of  the  ions.  In  dilute  solutions,  it  became  obvious  that  the  QCT 
would  provide  a  means  for  defining  and  understanding  the  thermodynamic  prop¬ 
erties  of  one  type  of  "complex  ion.”  Because  of  the  loose  usage  of  this  term.  1 
generally  referred  to  these  as  associated  species.  A  generalization  of  the  QCT 
led  to  expressions  for  the  formation  of  associated  species  of  A'  and  O  ions  in 
a  solvent  BD 

A+  tnC  «=s ACn[n  l)  (10) 

where  the  Af  and  C  ions  on  the  left-hand  side  denote  ions  having  only  solvent 
ions  as  near  neighbors.  Formation  constants  for  any  value  of  n  were  deduced. 
For  example,  for  n  =  1  and  2,  the  formation  constants  K|„,  are 

Ku^Z(t)u  1)  (11) 

Kn  ~  —  - — konPn  20,1  i  1)  (12) 
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In  the  above  equations,  [i\n  is  exp  (-  AAin/RT),  where  AAin  is  a  specific  bond 
free  energy  for  the  n’th  C  ion  bonded  to  an  A+  ion.  These  association  constants 
can  be  defined  exactly  by  the  limit  of  derivatives  of  activity  coefficients  at  infinite 
dilution.  For  example,  for  a  solution  of  the  salts  AD  (AgN’O^)  and  BC  (KC1)  in 
the  solvent  BD  (K.\G:j| 


where  X^.  is  the  cation  fraction  of  AH  and  Xc  is  the  anion  fraction  of  C~. 
Equation  ( 13)  and  analogous  equations  for  other  species  involving  higher  deriva¬ 
tives  serve  to  define  association  or  “complexing”constants  and  provided  insights 
into  the  meaning  of  this  class  of  “complex  ions.”  For  example,  the  -1  in  paren¬ 
theses  in  Eq.  (11)  leads  to  unusual  properties  for  Kn  when  flu  is  not  much 
larger  than  unity.  In  addition,  when  AAn  is  positive  (denoting  repulsion  be¬ 
tween  A+  and  C  )  and  dn  is  less  than  unity,  one  obtains  a  negative  value  of 
Kn-  This  leads  to  problems  in  defining  the  standard  free  energy  of  association. 
These  peculiarities  are  due  to  the  fact  that,  in  an  ideal  solution,  Kn  is  zero 
even  though  AO  species  are  formed  by  random  encounters  of  A+  and  C~  ions 
and  that  fewer  than  this  number  of  AC  pairs  are  formed  when  A  An  is  positive. 
An  analogous  peculiarity  is  present  for  virial  coefficients  of  gases  (which  can  be 
defined  as  the  negative  of  an  association  constant)  and,  indeed,  there  is  a  posi¬ 
tive  second  virial  coefficient  for  helium  because  of  the  predominance  of  repulsive 
forces. 

At  about  the  same  time,  an  important  experimental  technique  used  to  study 
solubility  products  of  silver  halides  was  reported  by  Flengas  and  Rideal.8  An 
adaptation  of  their  technique  proved  to  be  ideal  for  the  study  of  associated 
species  in  nitrate  melts.9  Studies  of  a  large  number  of  melts  indicated  that  the 
specific  bond  free  energies,  A  Am.  were  independent  of  temperature  when  the 
associating  ions  were  spherical.  As  a  consequence,  these  formation  constants  at 
all  temperatures  can  be  predicted  from  measurements  at  a  single  temperature. 
This  was  true  not  only  in  molten  salts,  but  also  in  metallurgical  systems.  An  ex¬ 
tension  of  the  generalized  QCT7  led  to  the  coordination  cluster  theory  (CCT),10 
which  applies  to  dilute  solutions  of  a  solute  in  ionic  or  metallic  solvents  With 
the  CCT,  it  was  demonstrated  that  one  can  use  thermodynamic  measurements 
for  solutions  of  oxygen  and  sulfur  in  alloys  at  one  temperature  to  predict  them 
at  all  other  temperatures. 

Perhaps  the  most  important  development  in  molten  salt  solution  chemistry 
was  the  conformal  ionic  solution  (CIS)  theory"  by  Reiss  and  roworkers.  This 
statistical-mechanical  perturbation  theory  uses  the  most  fundamental  property 
of  a  simple  salt;  that  is,  that  it  is  composed  of  spherical  ions  which  interact 
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with  a  spherically  symmetric  pair  potential.  In  the  original  paper,  only  hard 
sphere  ions  in  a  binary  salt  were  considered  in  deducing  an  equation  for  the  first 
polynomial  term  for  excess  free  energies  of  mixing  of  two  salts  AX  and  BX 

nr.ri.v.n.v«.y  (  'L  )  •  ...  (14) 

'  "ax  <hix  > 

where  PT.Y)  and  <l„  are  constants  and  d,  is  an  interionic  distance.  It  was 
later  shown  that  the  theory  was  valid  for  a  much  more  general  potential  12,li 
and  that  the  next  two  higher  order  terms  were  proportional  to  a  function  of 
interionic  distances.  The  importance  of  the  CIS  theory  stems  from  the  fact  that 
it  demonstrated  that  one  could  represent  the  excess  solution  properties  of  ionic 
systems  by  a  polynomial  similar  to  that  used  for  nonionic  mixtures.  The  theory 
provided  fundamental  support  for  many  of  the  intuitive  ideas  which  had  been 
developed  for  molten  salt  chemistry  without  specifically  including  the  charge- 
charge  interactions  between  ions. 

Despite  its  importance,  the  CIS  theory  for  binary  systems  could  never  lead 
to  predictions  a  priori  because  no  ionic  pair  potential  is  accurate  enough  to 
reliably  evaluate  the  coefficient  F(T,V).  This  failing  concerned  me  for  about 
a  year  before  I  realized  that  a  way  around  this  problem  for  multicomponent 
systems  is  to  express  the  thermodynamic  properties  of  such  solutions  in  term  of 
the  properties  of  the  lower  order  systems  without  identifying  the  pair  potential. 
In  collaboration  with  S.  J.  Yosim,  this  was  done  for  ternary  reciprocal  systems,1 1 
and  it  was  shown  that  (for  example,  in  the  Li*.  K  ‘  F  ,01  system)  the  CIS 
theory  led  to  all  the  terms  in  Eq.  (7)  as  well  as  to  a  term  proportional  to 
X/.,X/rXpXc'/( A.G")2  similar  to  that  in  Eq.  (8).  The  proportionality  constant 
is  related  to  a  large  number  of  complex  integrals,  which  have  not  yet  been 
evaluated.  However,  because  of  its  similarity  to  the  term  deduced  from  the 
QOT,  wo  felt  it  safe  to  approximate  this  constant  by  the  same  proportionality 
constant  as  that  in  Eq.  (8).  The  equation  was  used  to  calculate  the  phase 
diagram  of  the  Li*,  K’/F  ,  ('1  system  (Figure  3), 2  which  reproduces  the 
features  and  complex  topology  of  the  measurements  surprisingly  well  (Figure 
2). 

Little  was  done  on  this  subject  until  my  collaboration  with  M.-L.  Saboungi 
starting  in  1971,  which  led  to  some  of  the  most  important  papers  on  molten 
salts  in  which  I  have  been  involved.  Our  work,  which  created  a  major  part  of 
the  "crystal  hall,”’  was  concerned  with  testing  and  generalizing  the  CIS  theory 
for  various  applications  and  for  making  predictions  a  priori.  The  use  of  the  CIS 
theory  for  reciprocal  systems  led  to  excellent  correspondence  with  measured 
phase  diagrams  for  simple  sy stems, l4,ls  and  empirical  extensions  of  the  theory 
were  used  to  calculate  phase  diagrams  for  the  more  complex  charge  asymmetric 


systems.16  Of  course,  in  addition  to  phase  diagrams,  the  theory  provides  a  pre¬ 
diction  of  all  the  chemical  properties  of  all  the  solution  components.  We  also 
extended  the  CIS  theory  for  additive  ternary  systems  (A1,  B\  O’  X  )*'  to 
obtain  the  equation 

^  <  II  II  "o  -V.  -Vj  *  51  51  ''o  X*X,  +  51  51  et]  X?X] 

l'  )  *M 

r AXaX iiXc  t  51  D<x>xrxk  (15) 

where  it  was  shown  that  the  ternary  interaction  terms  are  related  to  the  terms 
a0,  b,j,  ctJ  by  the  expressions 


Thus  the  properties  of  the  ternary  system  could  be  predicted  solely  from  data 
on  the  subsidiary  binaries.  Equation  (15)  has  been  empirically  extended  and 
used  for  asymmetrically  charged  multicomponent  systems.  Equations  (15),  (7). 
and  (8)  and  their  empirical  extensions  have  proven  to  be  useful  in  a  number 
of  technologies  for  making  predictions  of  phase  diagrams  and  of  chemical  equi¬ 
libria  in  molten  salts.  In  addition,  even  when  enough  accurate  information  is 
not  available  for  prediction,  such  equations,  because  of  their  thermodynamic 
self-consistency,  can  aid  experimentalists  by  greatly  minimizing  the  number  of 
measurements  necessary  to  characterize  the  chemistry  and  phase  relations  of  any 
given  system.  An  extension  of  the  equations  for  ternary  reciprocal  systems  to 
higher  order  systems  by  Saboungi18  has  proven  to  be  important  for  predictions 
in  complex  multicomponent,  systems. 

One  class  of  systems  which  has  proven  to  be  difficult  to  characterize  are  the 
ordered  solutions.  Examples  of  such  systems  are  the  chloroaluminates.  silicates, 
and  fluoroberyllates  (e.g.,  NaCl-A10l3,  CaO-Si02,  and  NaF-BeF2).  These  have 
often  been  characterized  by  the  formation  of  complex  ions  (e  g..  A1C1,,  ,  SiO(J  , 
and  BeF^  )  in  basic  melts  and  clusters  and  chains  in  arid  melts.  Our  molecu¬ 
lar  dynamics  calculations  have  been  used  to  characterize  some  of  the  structural 
properties  of  these  ordered  or  complex  ion  forming  melts.19  20  However,  theo¬ 
ries  for  such  solutions  are  inadequate  for  characterizing  their  thermodynamic 
properties,  which  cannot  be  represented  at  all  by  the  use  of  polynomials  for  the 
excess  free  energies.  This  difficulty  arises  from  the  tendency  to  have  “V”  shaped 
enthalpies  of  mixing  and  “m”  shaped  entropies  of  mixing.  In  collaboration  with 
Pelton, 21,22  an  empirical  extension  of  quasichemical  theory  has  led  to  a  unique, 
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but  preliminary,  method  for  accurately  describing  the  thermodynamic  properties 
of  a  number  of  binary  silicates  as  a  function  of  concentration  and  temperature 
using  only  a  small  number  (3-7)  of  parameters.  More  important,  we  have  de¬ 
veloped  an  empirical  combining  rule  that  leads  to  predictions  of  the  solution 
properties  of  multicomponent  systems  from  the  subsidiary  binaries.  This  rule 
is  ( 1 )  consistent  with  the  predictions  of  the  ('IS  theory  in  basic  solutions  and 
(2)  consistent  with  all  available  data.  Thus,  we  have  developed  a  method  for 
predicting  the  properties  of  such  multicomponent  solutions  a  priori  from  data  on 
lower  order  systems.  Much  more  work  on  ordered  solutions  is  needed  to  reduce 
the  empiricism. 

In  conclusion,  because  of  time  and  space  limitations,  I  have  glossed  over 
many  details  and  ignored  work  which  I  feel  is  important.  In  particular,  I  have 
not  discussed  my  own  applications  of  some  of  these  concepts  to  submerged  arc 
flux  welding23  and  pyrometallurgical  chemistry.24  These  concepts  have  also  been 
helpful  in  understanding  the  high  temperature  condensation  processes  in  coal 
combustion,25  as  well  as  in  the  formation  of  meteorites  and  all  other  condensed 
matter  in  our  solar  system26.  These  applications  underscore  my  belief  that  more 
“crystal  balls”  are.  needed  to  permit  us  to  predict  the  properties  of  scientifically 
and  technologically  important  materials.  The  urge  for  precision  and  care  which 
Max  Bredig  displayed  is  a  precursor  to  creating  such  “crystal  balls.” 
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Fig.  2.  Measured  Phase  Diagram  of  the  Li, +  K^/F, '  01  Ternary  Reciprocal 
System.2 
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Fig.  3.  Phase  Diagram  of  the  Li,+  K  +  /F,  Cl  Ternary  Reciprocal  System 
Calculated  from  the  Conformal  Ionic  Solution  Theory.2 
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ABSTRACT 

Thermodynamic  properties  and  phase  diagrams  of  over  200 
binary  and  ternary  molten  salt  systems  have  been  critically 
and  systematically  evaluated  to  obtain  binary  and  ternary 
coefficients  of  polynomial  expansions  for  the  excess 
thermodynamic  properties  An  equation  is  presented  which 
permits  the  thermodynamic  properties  of  multicomponent 
molten  salt  solutions  to  be  calculated  from  these  binary  and 
ternary  coefficients  which  are  stored  in  a  computer 
database.  An  interactive  free-energy  minimization  program, 
which  permits  automatic  access  to  these  data  as  well  as  to 
extensive  stored  data  on  other  compounds  and  solutions, 
allows  the  calculation  of  complex  multiphase  equilibria 
involving  multicomponent  molten  salt  solutions  The  data 
base  is  publicly  accessible  through  the  F*A*C*T  computer 
system 

INTRODUCTION 

For  a  great  many  binary  molten  salt  solutions,  simple 
polynomial  expansions  in  the  ionic  fractions  provide  a  good 
representation  of  the  excess  Gibbs  energy  Least  squares 
techniques  have  been  developed  (1)  which  permit  coefficients 
of  such  empirical  expansions  to  be  determined  by  a 
simultaneous  optimization  of  all  available  thermodynamic  and 
phase  diagram  data 

Models  have  been  developed  to  permit  the  properties  of 
ternary  common  - i on  (2-4)  and  reciprocal  (5.  6)  molten  salt 
solutions  to  be  calculated  from  the  binary  coefficients 
Empirical  ternary  coefficients  may  also  be  included  in  these 
equa  t i ons . 

Saboungi  (7)  has  extended  the  Conformal  Ionic  Solution 
(CIS)  Theory  to  multicomponent  molten  salt  solutions. 

In  the  present  article  we  give  a  general  equation  for 
calculating  the  Gibbs  energy  of  a  multicomponent  molten  salt 
solution  from  binary  and  ternary  coefticients  This 
equation  essentially  reduces  to  lhat  of  Saboungi  (7)  for 
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reciprocal  ternary  subsystems,  whereas  tor  common- ion 
sub  systems  it  reduces  to  one  of  two  “geometrical  models" 
(2,  3)  commonly  used  to  represent  multicomponent  Gibbs 

energies  With  this  method  of  calculation,  any  number  of 
empirical  binary  or  ternary  terms  can  be  used  in  the 
expansions.  The  equation  is  well -suited  to  use  with  computer 
databases.  The  calculation  method  has  proven  to  be  very 
successful  for  a  wide  variety  of  simple  molten  salt 
so  I u  t i ons 

Many  binary  and  ternary  molten  salt  systems  are  being 
systematically  evaluated  in  order  to  build  up  a  database  of 
binary  and  ternary  coefficients.  The  data  are  accessible  to 
users  of  the  F*A*C*T  (Facility  for  the  Analysis  of  Chemical 
Thermodynamics)  computer  system  (8)  along  with  an  extensive 
database  of  thermodynamic  properties  of  other  compounds  and 
solutions  An  interactive  free-energy  minimization  program 
with  automatic  data  access  permits  the  calculation  of 
complex  multiphase  equilibria  involving  multicomponent 
molten  salt  solutions 

CALCULATION  METHOD 

A  notation  similar,  but  not  identical,  lo  that  of 
Saboungi  (7)  will  be  used 

Cations  are  denoted  by  A,  B,  C,  (or  alternatively  c, 

c',  c " )  and  anions  by  X,  Y,  Z,  ...  (or  alternatively  a.  a’, 
a")  Ionic  charges  are  denoted  by  q/v .  QB  ■  QX  •  PY  • 

Cationic  and  anionic  site  fractions  are  denoted  by  Xc 
and  Xa  For  example 

XA  =  "a/("a  +  "B  +  "C  +  >  l1! 

Xx  =  nX/<nX  +  ny  +  n2  +  •  • )  l2] 

where  nj  is  the  number  of  moles  of  ion  i  in  solution 

Equivalent  cationic  and  anionic  fractions  are  denoted  by 


Yc  and  Ya  For  example 

YA  =  W^Va  +  qBnB  + 

•  ) 

[3] 

YX  =  W(qXnX  +  qYnY  + 

•  ) 
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All  thermodynamic  properties  in  this  article  are 
expressed  per  equivalent  of  solution  One  equivalent  of 
solution  contains 

(12  q  X  )  ~  1  moles  of  cations  and  (i:  Paxa)"1  moles  of  anions 
c  c  C  a 

The  Gibbs  energy  per  equivalent  of  solution  may  be 
written  as 

g  =  £  52  Y  Y  g  +  Ag( ideal)  +  gE  [5] 

c  a 

where  the  summation  is  over  all  cation-anion  pairs  and  g  c/a 
represents  the  standard  Gibbs  energy  per  equivalenl  of  the 
neutral  salt  consisting  of  cations.  c.  and  anions,  a 
Ag( ideal)  is  the  ideal  mixing  term,  and  gt  is  Ihe  excess 
Gibbs  energy. 

Ideal  mixing  term 

The  expression  for  the  ideal  Gibbs  energy  of  mixing  is 
obtained  from  Ihe  Temkin  model  The  number  of  cation  and 
anion  sites  are  always  equal  to  the  numbers  of  cations  and 
an i one  All  cations  and  anions  mix  randomly  on  their 
respective  sites  regardless  of  their  charges  This  gives, 
for  the  ideal  Gibbs  energy  of  mixing  per  equivalent 

Ag (  i dea I  )  / RT  =  ( Eq  X )  "  ^  ( i2Xc  I  nX^ )  +  <  Eq.^  )  '  1  <  i2Xg  I  nXa )  [6] 
c  c  a  a 

Binary  common  - i on  systems 

In  a  binary  common -an  ion  system  A.B/X  containing  one 
anion  and  two  cations,  the  excess  Gibbs  energy  per 
equivalent  is  expressed  as  a  polynomial  in  the  equivalent 
cationic  fractions: 

gE  =  52  E  ^AB/X  yi  Yl  [7] 

i  i  j  i  r'i  as 

where  the  are  constant  binary  coefficients  obtained  by 

fitting  experimental  data  The  corresponding  expression  tor 
a  common - ca t i on  binary  system  A/X.Y  is 

gE  =  E  E  4*/XY  y'  y)  [81 

i  1  [1  rU  X  Y 

For  example,  in  the  system  K.,Li/CC>3  a  least  -  squares 
optimization  of  available  phase  diagram  and  l he rmodynam i c 
data  (9)  gives,  for  the  liquid  solution 


[9] 


gE  =  YKYLj [(- 13780+8. 197T)+( -5500-2. 329T)YLj ]  J/equiv. 

Thai  is: 

^KLi/C03  _  (  13780  +  8  197T)  and  ^i/C03  ‘  (  5500  2  329T ) 

In  this  example,  the  data  considered  by  the 

least  squares  optimization  program  were  calorimetric  data 

tor  I  i qu i d - I  i qu i d  mixing  (10),  and  the  measured  phase 
diagram  (11.  12).  Gibbs  energies  of  fusion  of  the 

components  were  taken  from  (131.  The  resultant  optimized 
equation  f9)  reproduces  the  measured  phase  diagram  very  well 

as  can  be  seen  in  the  compu t e r -gene r a t ed  diagram  in  Fig  1 
The  measured  enthalpy  of  mixing  (10)  is  also  reproduced  very 
c I ose I y  by  eq  [  9  ] 

The  least  squares  optimization  technique  also  gives 

properties  of  solid  compounds  and  solutions  in  the  system 
In  the  present  example,  the  Gibbs  energy  of  formation  ol  the 
compound  KL i C03  from  Ihe  pure  liquid  carbonates  was  given 
as  : 

AG.  _  =  -89654  +  78.136  T  J/mol  [10] 

f  or  m  1 

Ternary  common  - i on  systems 

For  a  large  number  of  ternary  common  - i on  molten  salt 

systems,  we  have  had  much  success  in  expressing  the  excess 

Gibbs  energy  per  equivalent  by  the  following  expression 


first  proposed  by  Kohler  (2). 
A/X.Y.Z: 

For 

a 

common  cat  ion 

sys  t  em 

gE  =  <yx+Yy)2  g|/XY  +  (Yy+Yz)2 

9|/YZ  + 

(YX+YZ)2  9a/xz 

[11] 

where  gE  is  the  excess  Gibbs  ener 

9V 

i  n 

the  ternary  solution 

at  point  p  in  Fig.  2a,  and  gA/XY'  9&/YZ  ancl  9&/XZ  are  the 
excess  Gibbs  energies  in  the  three  binary  systems  at  points 
z,  x  and  y  The  factors  (Ya  +  Ya • )  in  eq  [10]  are  obtained 
from  regular  solution  theory.  Eq  [10]  is  exact  if  the 
solution  is  strictly  regular. 

If  the  binary  excess  Gibbs  energies  are  expressed  as 
polynomials  as  in  eqs  [7,  8]  then  eq .  [11]  can  be  written  as 
follows.  In  eq  [12]  "ternary  terms"  have  also  been  added 

9E=  £  S  ^tiaa’(Ya+Ya-)2(Ya/(Ya+Ya.))i(Ya./(Y  +Y  .)>•] 

a>a '  i > 1  j  >  r  1  1  a  a  a  a  a  a  a  a 

h  an ■"i 


+  E  £  X. 

i  1  |  1  k>1 
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[12] 


The  <j)  ^  are  ternary  coefficients  obtained  by  fitting 
experimental  ternary  data  All  the  ternary  terms  become 
zero  in  the  binary  sub  systems  An  expression  for  g  of  a 
common  anion  system  A.B.C/X  can  be  written  similarly 

As  an  example,  the  computer  generated  liquidus  surface 
of  the  K/F.Br.l  system  is  shown  in  Fig  3  Binary  terms 
were  first  obtained  by  least  sauares  optimization  ot  all 
available  binary  thermodynamic  and  phase  diagram  data  (14) 
Application  (15)  of  eq  [12]  w'lth  no  ternary  terms  then  gave 
a  calculated  ternary  liquidus  surface  which  agreed 
everywhere  within  10  with  the  reported  (16)  liquidus  This 
is  approximately  equal  to  the  experimental  error  limits 
The  calculated  minimum  in  the  univariant  line  was  536  C  In 
order  to  make  this  minimum  coincident  with  the  measured 
minimum  at  529  C.  a  small  ternary  term 

fclBrl  YFYBrY.  =  -  6500  YFYBrYt  ^qu,v. 

was  included. 

In  addition  to  the  Kohler  equation,  a  number  of  other 
equations  may  be  used  tor  ternary  common  ion  salt  solutions 
In  the  equation  proposed  by  Toop  (3).  gb  ai  point  p  in  Fig 
2b  is  related  to  the  values  of  gb  in  the  three  binary 
systems  at  the  points  z.  y  and  x  by  the  equation: 


<JE  =  <V<W>^/XY  +  <V<W>®!/XZ  +  (Yy  +  V^/YZ 

[13] 

As  in  the  case  of  the  Kohler  equation,  eq  [13]  is  exact  if 
the  solution  is  strictly  regular.  If  the  binary  excess 
Gibbs  energies  are  expressed  as  polynomials,  then  eq  [13] 
can  be  expanded  in  terms  of  the  binary  coefficients  and 
ternary  terms  can  be  added  as  was  done  in  eq  [12]  for  the 
Kohler  equa t ion . 


The  asymmetric  Toop  equation  (Fig  2b)  is  generally  more 
appropriate  than  the  symmetric  Kohler  equation  (Fig  2a) 
when  one  of  the  three  components  is  chemically  different 
from  the  other  two  For  example,  in  the  K/SO4,  F,  Cl  system 
one  might  choose  the  divalent  sulphate  as  the  "asymmetric 


component  Aj/q  in  Fig. 


2b 


However ,  because  eqs  [11] 


and  [13]  become  identical  when  the  solutions  are  regular, 
for  a  large  number  of  molten  salt  systems  in  which  the 
binary  gfc  functions  are  well  represented  by  2  or  3  term 
polynomials  the  use  of  either  eq  [11]  or  [13]  will  give  very 
similar  results  for  the  ternary  system 
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Other  "geometric  equations",  such  as  the  “Muggianu 
equation"  in  which  g  in  the  ternary  solution  is  related  to 
values  of  gE  in  the  three  binaries  at  the  ends  of 
perpendiculars  dropped  I rom  the  ternary  composition  point, 
are  discussed  by  (17) 

The  CIS  Theory  (4)  also  provides  a  similar  equation  for 
calculating  g  in  a  ternary  system  from  binary  parameters 
This  theory  has  the  advantage  over  the  above  mentioned 
"geometric  equations"  of  having  a  sounder  theoretical  basis 

Again,  for  most  simple  molten  salt  solutions  which  dp 
not  require  more  than  3  parameters  in  the  binary  gE 
expansions,  all  these  ternary  equations  yield  very  similar 
and  equally  good  results 


i componen I  common  - i on  systems 


For  a  multi componen t  common -cation  system,  A/X.Y.Z.W,  . 
the  Kohler  equation  { 12]  may  be  extended 


Z  JfA/aa' 

i 


(Y  +Y 
a  a 


>2<V<W>>'<Ya 


/(Wnh 


;  ^A/aa't 

1  '  •  ik 


(Y  +Y  . 
'a  a 


•>3<v<vv+v>> 


/(Ya+V+V))1  <Ya'<Y+Y  +Y  ■■>>*] 


where  the  first  summation  is  over  all  binary  sub  systems  and 
the  second  summation  is  over  all  ternary  sub  systems  Eq 
[14]  permits  multicomponent  thermodynamic  properties  to  be 
calculated  from  binary  (and  if  available,  ternary) 
coefficients  An  analogous  expression  can  be  written  for 
common  cation  systems 


Similar  multicomponent  versions  of  the  Toop  and  other 
ternary  equations  can  also  be  derived  In  particular,  we 
have  devised  a  consistent  "multicomponent  Koh I er / Toop " 
equation  for  the  case  in  which  some  of  the  ternary 
subsystems  have  been  expressed  by  means  of  the  Kohler 


equation  while  others  have  been  expressed  via  the  Toop 
equation.  Essentially,  the  method  consists  in  dividing  all 
components  into  two  groups  (tor  example,  all  divalent  salts 
in  one  group  and  all  monovalent  salts  in  the  other).  A 
ternary  subsystem  in  which  ail  three  components  are  members 
of  the  same  group  is  treated  by  means  ot  the  Kohler 
equation,  while  a  ternary  sub  system  with  two  components 
from  one  group  and  one  from  the  other  is  expressed  via  the 
Toop  equation  For  the  sake  ot  brevity,  the  general 
expression  will  not  be  reproduced  here 

Reciprocal  ternary  systems  A  B/X.Y 

For  common- ion  systems,  the  terms  containing  g  C/>a  in  eq 
[5]  have  no  influence  upon  the  activities  of  the  salts  in 
the  solution  This  is  no  longer  true  in  the  case  of  a 
reciprocal  ternary  system  which  is  defined  as  one  containing 
two  cations  and  two  anions 


Writing  eq  [5]  tor  the  system  A, B/X.Y,  substituting  eq 
[6]  for  Ag( ideal),  and  differentiating  to  obtain  the 
activity  of  the  salt  Bi/q  Y1/q  yields 


RT  In’ 

1/qB  1/qy 


Vx  (sib/y+9a/x'9a/y'9b/x) 


+  (RT/qA)lnXB 


+  (RT/q  )lnX  +  g|  Y 

1/qB  1 /Py 


[15] 


change  Ag 

for 

the  "i 

B„  .  X,  +A 

Y 

1/qB  1/PX 

1/9A 

1/qy 

1 f  AgEX  -  0 , 

t  hen 

A1/q 

"stable  pa i 

r  M  . 

F  r  om 

is  the  Gibbs  energy 


exchange  react  ion 

=  A_  .  X,,  +B  .  Y 

1/qA  1/qx  1  /  q. 


B  1/9Y 


[16] 


1/q  *1/q  ancl  ®1/q  Y1/q.  are  called  the 

AX  B  'l 

eq  [15[  '•  is  seen  that  in  this  case 

there  will  be  a  positive  contribution  to  RT I  nan  ,  v 

1/qB  1/<fY 

EX  1 

which  varies  directly  with  Ag  .  Hence,  for  the  two  salts 
forming  the  stable  pair,  positive  deviations  will  be 
observed  Similarly,  for  the  other  two  salts  which  form  the 
unstable  pair,  negative  deviations  will  be  observed  These 
deviations  are  generally  larger  than  the  deviations 
resulting  from  the  gfc  term 


The  composition  of  a  reciprocal  ternary  system  is  most 
conveniently  represented  on  a  square  as  in  Fig  4  The 
excess  Gibbs  energy  per  equivalent  may  be  written  by  summing 
the  excess  Gibbs  energies  of  the  four  binaries.  each 
weighted  by  the  appropriate  ionic  fraction,  and  including 
reciprocal  ternary  terms 
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9E  =  Yv 


=  =  ^tj/x  Yi  yj +  yy  *  =  k ?/Y  ya  Yi 

I  1  j  1  ’  1-11/1  ' 


+  ya  »  *  ^t(XY  Yi v; +  yb  *  *  ^(XY  Yi  yi 

•  i  j  i  1  i  i  i  i  1 

+  A  ^  ^  Y*  Yy  1171 

i  1  |  1  k  1  /  1  ' 

The  CIS  Iheory  (5.  6)  predicts  I h i s_  gxpr ess i on  tor  gE 
with  one  reciprocal  ternary  term  ^nll  which  is  usually 
denoted  by  A  Since  the  formation  of  a  reciprocal  ternary 
solution  involves  changes  in  the  number  ot  cation  anion 
pairs,  whereas  the  formation  of  a  common  i on  ternary 
solution  involves  only  changes  in  the  number  of 
second  nearest  neighbor  cat  ion-cat  ion  or  anion  anion  pairs, 
it  is  expected  that  non- random  mixing  effects  will  be 
greater  in  the  former,  and  consequently  the  importance  of 
ternary  terms  will  be  greater  The  first  term  in  a  Taylor 
expansion  of  an  expression  resulting  trom  simple 
quas i chem i ca I  theory  (18)  gives  the  following  approximate 
expression  for  A  resulting  from  non  random  effects 


A  a  - (AgEX)2/2ZRT  [18] 

where  Z  is  a  coordination  number. 

If  no  experimental  reciprocal  ternary  data  are 
ava i I ab I e ,  then  A  can  be  approximated  by  eq  [ 18]  I t  data 
are  available,  then  A  and  other  reciprocal  ternary  terms  if 
warranted,  can  be  considered  as  adjustable  parameters 

As  an  example,  the  computer  generated  liquidus  surface 
for  the  Na,K/F,CI  system  is  compared  with  the  reported  phase 
diagram  (19)  in  Fig  4  Binary  terms  were  tirst  obtained  by 
least -squares  optimization  of  binary  data  Ag  was 

obtained  from  t abu I  a i  i ons  (13)  of  data  for  the  pure  salts, 
and  A  was  estimated  from  eq  [18]  Agreement  between  ihe 
calculated  and  reported  diagrams  is  good  Positive 
deviations  along  the  "stable  diagonal"  between  the  stable 
pair,  NaF  and  K.CI,  are  clearly  seen  in  Fig  4,  while 
negative  deviations  for  NaCI  and  KF  are  also  evident 
Calculated  reciprocal  ternary  phase  diagrams  are  very 

sensitive  to  the  value  ot  Agbx 
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In  general,  we  have  found  that  good  calculations  o( 
reciprocal  ternary  phase  diagrams  can  be  obtained  as  long  as 
Ag  is  not  too  large  As  Agb  becomes  larger,  the  tendency 
to  non  randomness  becomes  greater,  and  a  simple  Ag( ideal) 
term  with  a  polynomial  correction  term  no  longer  provides  a 
sufficient  description  We  are  currently  working  on  a  model 
involving  a  more  complete  application  of  the  quas i chem i ca I 
theory  to  reciprocal  salt  solutions.  As  a  rule  ot  thumb,  we 
have  found  that  if  Agtx  is  so  large  that  a  miscibility  gap 
appears  along  the  stable  diagonal,  then  the  simple  model  can 
no  longer  be  expected  to  provide  a  quantitatively  correcl 
desc  r i p 1  i on 


General  mu  I  t i comoonen  I  system 


We  can  now  combine  the  above  equations  into  one  general 
equation  for  the  Gibbs  energy  per  equivalent  ot  a 
multicomponent  molten  salt  solution  involving  b i na r y  teims 
as  we  I  I  as  common-  ion  and  reciprocal  ternary  terms 


-  1 


9  =  *  *  Va  9c/a+RT 

C  3  C 


(>;XclnXc)  +  (i;qaXa) 
c  a 


(»  InX  )] 
a  a  a 


icc ' /a  i  i  2- i - | 

x  <  i:  5 :  y  y  ,  <y  +v  .  > 


a  c>c '  i  1  j  1 


i  )  c  c' '  c  c 


icc'c”/a  i  j  k  3 - i - j  k 

+  *  E  E  *>iik  Y^Y^ .  Y^ ( Y^+Y^ .  +Y^  „ )  )] 

i  1  i  1  k  1  '  ' 


c  c  c  '  c  c  c 


|C/aa’  i  j 

XY  [  X  (  X  X  0.  Y  Y  , ( Y  +Y  , ) 

cl  f i  I  aa'a  a  ' 
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+  x  x  x  i. 

i  1  j  >  1  k  1  1 
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aa  a  a  a  a 
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.cc'/aa'  i  j  k  f 

+  X  X  (  S  X  X  X  6.  Vc  YaYa  >  l19l 
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Eq  [19]  incorporates  the  Kohler  equation  [14]  lor  the 
multicomponent  common- ion  systems.  The  more  general 
expression  incorporating  the  Kohler/Toop  formalism  mentioned 
above  is  actually  used  in  our  database  but.  for  the  sake  of 
brevity,  will  not  be  r  ep  r  oduced  here. 

Expressions  for  the  partial  Gibbs  energies  ot  all 
neutral  salts  have  been  derived  from  eq  [19]  Again, 
because  of  space  restrictions,  these  will  not  be  reproduced 
here  but  will  be  reported  elsewhere 

DATABASE  DEVELOPMENT 

Least -squares  optimizations  have  been  systematically 
performed  for  all  common  i on  binary  systems  involving  the 
alkali  halides  AX  (A  -  Li,  Na ,  K.  Rb .  Cs ;  X  -  F,  Cl.  Br ,  I) 
(14)  as  well  as  for  all  binary  common  i on  systems  involving 
the  cations  (Li,  Na .  K)  and  the  anions  (F,  Cl,  NO3 .  OH.  CO3 , 
SO4 )  (9)  for  a  tolal  of  124  binary  systems  Exhaustive 
literature  surveys  of  all  thermodynamic  and  phase  diagram 
data  were  performed  The  optimizations  provided  the  binary 
parameters  of  eqs  [6,  7]  for  all  binary  liquid  phases  as 
well  as  expressions  for  the  thermodynamic  properties  of  all 
solid  phases  This  work  was  supported  by  the  American 
Ceramic  Society  All  evaluations  are  scheduled  to  appear  in 
"Phase  Diagrams  for  Ceramists".  Many  other  binary  salt 
systems  have  similarly  been  evaluated  (20). 

The  60  common  i on  ternary  systems  involving  the  alkali 
halides  have  been  systematically  evaluated  (15)  For  the 
approximately  40  systems  for  which  ternary  liquidus  surfaces 
have  been  reported,  eq  [12]  with  no  ternary  terms  reproduced 
the  liquidus  surface  within  experimental  error  limits  in 
nearly  every  case.  One  small  ternary  term,  O111,  was 
included  in  8  systems  for  which  the  liquidus  measurements 
were  very  accurate  The  other  common- ion  and  reciprocal 
ternary  systems  involving  the  124  binary  systems  mentioned 
above  are  being  systematically  evaluated  Results  are 
invariably  very  good  for  the  common- ion  systems  and^are  also 
very  good  for  the  reciprocal  systems  as  long  as  Ag  is  not 
so  large  as  to  provoke  liquid  i mm i sc i b i I i t y .  Many  other 
ternary  systems  have  also  been  evaluated  (20) 

All  evaluated  binary,  ternary  and  reciprocal  ternary 
coefficients  are  being  stored  in  a  computer  database  which 
forms  part  of  the  F*A*C*T  (Facility  for  the  Analysis  of 
Chemical  Thermodynamics)  on-line  computer  system  (8)  The 
data  are  accessible  along  with  data  on  several  thousand 
inorganic  compounds  and  other  solutions  Thermodynamic 


properties  of  multicomponent  salt  solutions  are  calculated 
from  the  binary  and  ternary  coefficients  via  eq  [191 
(extended  to  include  the  more  general  Kohler /Toop 
formalism)  An  interactive  free  energy  minimization  program 
known  as  EQUILIB  permits  users  of  F*A*C’T  to  access  all  the 
data  automatically  and  to  perform  complex  multiphase, 
multicomponent  equilibrium  calculations  for  a  wide  variety 
of  constraints  The  EQUILIB  program  is  based  upon  the 
SOLGASMIX  program  of  G  Eriksson  (21) 

SAMPLE  CALCULATION 

A  sample  calculation  using  the  program  EQUILIB  is  shown 
in  Tables  I  and  II  Interactive  input  and  output  are  shown 
for  a  calculati on  involving  a  gas /mo Iten  salt  equilibri urn 
simi  lar  to  that  encountered  in  a  carbonate  fuel  cel  I 

In  Table  I,  the  reactants  are  entered  as  a  gas  phase 
cons i s I i ng  of  9.8  mol  CO.  75  mol  CO2 .  etc  along  with  a 
small  amount  of  L  i  2C03 ,  K-2C03  and  Na2C03  which  will  form  the 
molten  salt  phase  The  reactants  are  to  be  equilibrated  at 
973  K  at  a  pressure  of  10  atm. 

The  "possible  products"  are  then  listed  These  are 

simply  all  compounds  and  solutions  containing  the  input 

elements  for  which  there  are  data  in  the  F*A*C*T  database. 
In  Table  I  the  list  has  been  abbreviated,  but  we  see  that 
there  are  data  for  289  pure  compounds  as  well  as  for  the 
multicomponent  salt  solution  L i . Na , K / OH , SO4 , CO3 .  The  user 
has  chosen  to  consider  species  1  to  120  (all  gaseous 
species)  the  molten  salt  solution  (species  290298)  as  well 
as  species  243,  268,  281  which  are  th^  solid  carbonates. 

Data  are  then  automatically  retrieved  from  the 
databases.  The  calculated  equilibrium  compositions  are 
shown  in  the  output  of  Table  II.  There  are  85.697  moles  of 
gas  phase  formed  containing  41,727%  H2 .  37.732  H20 ,  etc 

The  amounts  of  volatile  Li-  and  K-containing  gaseous  species 
such  as  K0H(H20),  LiOH(H20),  KOH  and  LiOH  can  be  read  from 
this  output  (There  were  actually  120  species  in  the 

calculated  gas  phase  The  output  list  in  Table  II  has  been 

shortened.)  There  are  also  0  22375  moles  of  a  molten  salt 
solution  formed  whose  composition  can  be  read  from  the 
output  listing.  It  can  be  see  how  much  hydroxide  and 

sulfate  enters  the  molten  salt  phase  Finally,  we  see  that 
zero  moles  of  the  solid  carbonates  precipitate 
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Fig.  I:  K,  I.  i/CO,  Phase  Diagram  Calculated  from  Fqs  [y,  1 0  ]  . 
Points  are  experimental. 


Al/q/l/,y  x  Al/,*Yl/,y  *  A./,Z./qz 

Fig.  2:  Common-Ion  Ternary  Systems  Illustrating  the  (•eomotrical 

Relationships  Involved  in  (a)  the  Symmetric  Kohler  Hq .  [l  1  ] 
and  (b)  the  Asymmetric  Toop  Kq .  (j  3  I . 
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No  F 


b) 

No  F 


Fig.  4:  Liquidus  of  the  Na,K/F,Cl  System  (T  =  cC). 

(a)  Calculated  via  Eqs  [17,  18^ 

(b)  As  Reported  by  (19) 
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TABLE  I 


Input  to  the  F*A*C*T  Program  EQU11.1B  for  an  Equilibrium  Uas-Salt 
Calculation  Involving  a  Multicomponent  Molten  Salt  Solution. 


!>>m  ENTEr  REACTANTS  PRESS  'KETURM*  FOR  LAST  EHTf.'/'  ClFEfE* 
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i  ABI.K  I  1 


(H  il’U  !<!,:. n.riNi;  FKUM  I'HK  INITT  IN  TABl.K 
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ABSTRACT 


The  concentration  dependence  of  the  partial  molar  properties 
of  binary  silicate  melts  is  predicted  by  means  of  a  thermodynamic 
model  based  on  the  change  In  short-range  bonding  energies  which  Is 
taking  place  when  MO  reacts  with  S102.  The  model  may  be  considered 
as  an  extension  of  the  treatment  by  Toop  and  Samis. 

The  expressions  derived  for  the  activities  of  the  MO  and 
S102  components  contain  an  equilibrium  constant  K  as  the  only 
adjustable  parameter.  The  calculation  of  che  enthalpies  and  entro¬ 
pies  of  mixing  needs  a  second  Interaction  parameter,  b. 

The  model  has  been  applied  to  available  data  on  the  systems 
Pb0-S102,  FeO-SlOj ,  Ca0-S102,  Mn0-S102  and  Sn0-S102,  and  was  found  to 
predict  the  activity  Isotherms  over  the  available  composition  range, 
including  the  S102  rich  melts  for  which  other  theoretical  models  are 
insensitive.  The  derived  expressions  also  predict  the  concentration 
dependence  of  the  partial  molar  enthalpy  and  entropy  of  mixing  of  PbO 
in  the  Pb0-S102  system.  The  latter  is  the  only  system  for  which  such 
data  have  been  accurately  obtained. 

INTRODUCTION 


Considering  pure  molten  silica,  it  is  generally  accepted  that 
each  silicon  is  surrounded  by  4  oxygen  atoms,  and  that  each  oxygen  is 
shared  between  2  silicon  atoms,  the  basic  structural  unit  being  the 
tet rahedra  1  Ly  coordinated  SlOi,.  These  tetrahedra  share  corners  with 
each  other  and  the  structure  of  silica  may  be  broadly  described  as  a 
three-dimensional  complex  network  characterized  by  the  strongly  cova¬ 
lent  bonding  between  the  Si  and  0  atoms.  The  high  viscosity  and  low 
vapour  pressure  of  Liquid  silica  Indicates  a  continuity  in  the  Sl-0 
bonding  throughout  Its  structure,  thus  implying  the  absence  of 
regions  of  Lower  covalency  or  of  ionic  behaviour. 

When  a  metal  oxide  is  added  to  molten  silica,  the  resulting 
reaction  causes  drastic  changes  In  the  properties  as  evidenced  by 
dramatic  decreases  In  viscosity,  the  appearance  of  Ionic  conductance 

*  Present  address:  Quebec  Iron  and  Titanium,  Sorel,  P.Q.,  Canada. 


and  the  decrease  in  surface  tension.  This  reaction  is  generally 
taken  to  involve  a  disruption  in  the  continuity  of  the  covalent  bonds 
In  silica  due  to  interaction**  with  oxygen  supplied  by  the  disso¬ 
ciating  metal  oxide,  and  may  be  written  a6. 


0  0  0  0 

II  I  I 

-O-Si-O-Sl-O-  +  MO  ♦  -0-S1-0*  ...  M  ...  *0-Sl-  0  (1) 

II  I  I 

0  0  0  0 


Reaction  (1)  has  been  represented  by  Fincham  and  Richardson 
(l)  as  a  reaction  between  the  doubly  bonded  oxygen  0**,  found  within 
11 

the  sequence  -Si-O-Si-,  with  "ionic'*  oxygen  u-  supplied  Sy  the 
dissociating  MO,  which  creates  ‘'serai-ionic"  singly  bonded  oxygen 
atoms  0*  found  in  the  sequence  Si-0*  ...  M.  Reaction  (1)  has  also 
been  written  as  (1,2) 

o**  +■  02”  *  2  0*  (2) 

Toop  and  Samis  (2)  Introduced  the  concept  that  reaction  (2) 
represents  an  equilibrium  between  the  various  kinds  of  oxygen  and 
calculated  the  relative  distribution  of  a  number  of  complex  poly- 
silicate  anion  species  by  assigning  arbitrary  values  to  the  corres¬ 
ponding  equilibrium  constant  K.  According  to  the  authors  such 
species  are  created  when  the  continuous  silicate  network  is 
fragmented  by  the  addition  of  a  metal  oxide. 

In  several  recent  publications  (3-13)  the  thermodynamic  pro¬ 
perties  of  binary  silicate  melts  have  been  interpreted  in  terras  of 
polymer  theory  Involving  polysilicate  anions. 

Masson  and  co-workers  (3-7)  applied  the  concept  of  equilibrium 
to  the  calculations  of  the  concentration  of  linear  or  branched  poly¬ 
silicate  anions  of  the  general  formula  Si  and  calculated  the 

n  3ivH 

"free"  oxygen  ion  concentration  which  remains  after  the  proposed 
polv-anions  have  reached  equilibrium. 

Activities  of  metal  oxides  In  the  silicate  melts  were  obtained 
through  the  expression 


(3) 


which  was  derived  on  the  assumption  that  Temktn’s  (14)  ideal  solution 
model  was  applicable. 


In  this  paper  it  is  shown  that  the  concent  rat  ion  dependence  of 
the  thermodynamic  properties  oi  binary  silicate  melts  such  as  activi¬ 
ties,  enthalpies  and  entropies  of  mixing  may  be  predicted  from  a 
simple  thermodynamic  model  which  is  based  on  the  equilibrium  between 
the  characteristic  oxygen  species  proposed  by  Toop  and  Samis  (2). 

The  agreement  between  activity  isotherms  c’culated  from  theory,  with 
the  experimentally  obtained  values,  for  a  number  of  metal  oxide- 
silica  binary  systems  is  excellent,  even  for  silica  rich  compositions 
where  other  thermodynamic  models  are  in  poor  agreement  with  the 
experimental  data. 

THERMODYNAMIC  TREATMENT 

According  to  reaction  (1),  the  addition  of  a  metal  oxide  to 
pure  silica  results  in  the  disruption  of  the  continuity  of  the 
Si-O-Sf  covalent  type  bonds  which  are  responsible  for  the  three 
dimensional  network  structure  of  silica.  Each  02  supplied  by  the 
metal  oxide  disrupts  two  Si-0  bonds  in  SiOj  and  causes  the  localiza¬ 
tion  of  paired  electron;,  •.r'th  th<_  result  that  the  two  Si-0*  bonds 
produced  upon  reaction  acquire  a  more  "ionic"  character. 

One  important  characteristic  of  reaction  (1)  is  that  the 
Sit),,  coordination  which  exists  in  pure  molten  Si02  is  also  preserved 
in  the  M0-S102  melts. 

Considering  reaction  (1),  because  of  the  characteristic  tetra¬ 
hedral  coordination  of  silicon  and  the  well  established  strength  of 
the  covalent  and  semi-ionic  bonds  between  silicon  and  oxygen,  it  will 
be  assumed  that  the  interactions  between  any  oxygen  species  and  the 
surrounding  atoms  are  determined  primarily  by  short  range  forces  bet¬ 
ween  nearest  neighbours.  Bonding  energies  representing  pairs  of  the 
type  Si-0**,  M-0,  SiO*  and  M-0*  which  are  present,  respectively,  In 
the  configurations  Sl-O-Si ,  M-O-M,  and  Sl-O-M  will  be  taken  as 
constant  and  as  being  concentration  independent.  Thus  the  changes  in 
bonding  energy  which  take  place  during  the  mixing  of  MO  with  S102, 
are  localized  to  the  type  of  atomic  pairs  which  are  directly  affected 
by  the  reaction,  and  should  be  independent  of  the  detailed  structure 
of  the  possible  polysilicate  anions  created  during  reaction. 

The  silicate  melt  reaches  a  state  of  minimum  free  energy  by 
equilibrating  the  characteristic  oxygen  species  0*,  0**  and  02  , 
shown  in  reaction  (2). 

For  the  evaluation  of  the  activities  the  standard  states  are 
established  at  unit  oxygen  species  fractions.  Thus,  for  doubly 
bonded  oxygen  0**,  the  standard  state  is  the  state  of  oxygen  in  pure 
SiO,  for  which  N  **  =  1.  Similariv,  the  standard  states  for  0*  and 
0*  are,  respectively,  their  states  In  the  stoichiometric  orth- 
silicate  melt  M2Si04,  and  in  pure  metal  oxide  MO. 
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Under  Che  previously  stated  assumptions  the  species  activity 
coefficients  should  be  constant  for  all  composit ions ,  and  activities 
could  be  equated  to  oxygen  species  fractions,  except  for  compositions 
very  near  to  pure  raetc*!  oxide  and  to  pure  silica  where  deviations 
from  the  assumptions  underlying  the  model  should  be  expected. 

The  equilibrium  constant  for  reaction  (2)  may  be  written  as 


0* 


V*  •  V 


(4) 


where,  N^'s  are  specie  fractions  and  the  equilibrium  constant  K 
should  he  constant  and  composition  independent  at  constant 
temperature. 

The  species  fractions  N  N  tit  and  N  2-  may  be  calculated  by 
following  the  mass  balance  Introduced  by  Too$  and  Samis  (2)  and  the 
results  are  shown  in  Table  1. 

The  quantity  _a  found  In  Table  1  is  the  "degree  of  reaction" 
representing  the  fraction  of  MO  reacted  per  mole  of  MO  added  to  the 
melt. 

By  substitution  in  equation  (4)  of  the  corresponding  species 
fractions  ,  the  expression  for  the  equilibrium  constant  is  obtained 


.  "X 


K  =  4 


MO 


(  1  -  a) 


( 2X, 


SiO, 


“V 


(5) 


This  equilibrium  constant  is  the  reciprocal  of  that  used  by 
Toop  and  Samis  (2)  and  characterizes  a  M0-S102  binary  system  at  a 
given  temperature. 


From  equation  (5) 


K  •  +  XSiO,> 

2Xnq  (K  -  4) 


where  0  <  a  < 


-( 


*XH0  XS10?  (y  -  4)^1/2 

k  u  +  w 


(6) 


Plots  of  _a  versus  composition  generated  for  selected  values  of 
K  are  shown  in  Fig.  1.  It  may  be  seen  that  very  large  K  values 
correspond  to  totally  reacted  silicate  systems  in  which  the  maximum 
amount  of  the  orthosilicate  species  Si0*4  is  present.  K  values  bet¬ 
ween  100  and  1  represent  various  equilibrium  conditions,  while 
smaller  values  of  K  indicate  a  tendency  towards  immiscibility. 


TABLE  1 


Before  mixing 


After  Nixing 


Bond  Energ 


Si-0 

4XSi02N 

(4XS102-2aXM0)N 

CSl-0 

M-0 

zXmon 

Z(1  -  n)XM0N 

Sl-O 

Si-0* 

- 

2oXmon 

ESiU-0* 

M-0* 

- 

2aXN0N 

Si-O* 

(N  is 

the  Avogadro 

number) 

*  *SiO  antl  "Sio  are  tn'tlal  moles  of  Sll>2  and  MO  per  mole  of  solu- 
2  rirtn 


The  degree  of  reaction  a  may  also  be  used  to  determine  the 
number  of  the  different  kinds  of  bonds  present  in  a  system  at 
equilibrium.  Thus,  each  doubly  bended  oxygen  0**  corresponds  to  two 
Si-0  type  bonds,  and  each  "free"  oxygen  ion  0?  determines  the 
existence  of  z  M-0  type  bonds.  The  coordination  number  z  for  oxygen 
in  the  metal  oxide  is  taken  to  remain  unchanged  in  the  molten  solu¬ 
tion.  Finally,  each  singly  bonded  oxygen  0*  creates  one  M-0*  and  one 
SiO*  type  bonds. 

The  numbers  of  the  different  kinds  of  bonds  at  equilibrium  per 
mole  of  silicate  containing  moles  of  MO  and  Xgi0  moles  of 
Si02  are  also  shown  in  Table  1. 
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*M0 


Fig.  1.  Plots  of  the  degree  of  reaction  _a  versus 
composition  (X  for  selcCed  values  of  K. 

CONCENTRATION  DEPENDENCE  UF  THE  SOLUTION  PROPERTIES 


For  the  calculation  of  the  enthalpy  change  during  mixing, 
reaction  (1)  can  he  taken  as  the  exchange  reaction 

Sl-0  +  M  -  0  ->  M-0*  «•  Sl-O*  (7) 

(as  In  pure  (as  In  the 

Si02  and  MO)  reacted  system) 

The  internal  energy  change  during  mixing  AE  ,  per  gram-mole 
of  solution  may  be  written  as 

AK  =1'  —  y  v  Omm  _  y  f  0 

mix  'solution  ‘>10  u  S102  Si02  (8) 

Wheru  Solution’  E°M0*  ,lnd  KSiU»’  are  respectively ,  the  Internal 
energy  contents  per  mole,  and  XKs  are  mole  fractions. 

If  It  Is  considered  that  the  mixing  process  affects  only  the 
energy  of  the  bonds  shown  In  Table  I,  then  equation  (8)  may  be  writ¬ 
ten  as 


33 


r 


i 


X 

i 


w 

< 


*M0 


Fig.  2.  I’tots  ot  All  /h  versus  composition  (XM  )  at 
selected  vaTJies  of  K. 


AK  .  =  N [ ( 4X 

mix  S102 


i  aX  )  c  +  z  ( 1  -  a)  X  t 
Ml)  St-0  MO  M-U 


+  2  oX, 


MoSt-o*  2aXno  cSt-o*  ^ 


N|4xsa>2Esi-o  +  ^MoS-o1 


which  is  readily  reduced  to 


"du  =  aXM0|N<2  W  +  2tSi-0*  ’  2ESi-0  "  zVo)J 


(<») 


(10) 


Under  the  postulates  of  this  model  the  term  in  parentheses  is 
constant  for  a  given  temperature  and  independent  of  concentration, 
and  may  be  replaced  by  an  interaction  parameter  b  which  is  charac¬ 
teristic  of  the  metal  oxide  added.  b  can  also  be  interpreted  as  the 
heat  of  reaction  when  1  g  mole  of  MO  reacts  total  I  v  with  Si 
according  to  reaction  (1). 

As  pressure-volume  effects  on  the  energy  of  mixing  of  liquid 
silicates  are  negligibly  small,  equation  (9)  becomes, 

AH  .  *  baXM/1  (11) 

mix  MO 

where  All  is  the  enthalpy  change  for  the  mixing  process.  Combination 
of  equations  (6)  and  (lit  iohls. 


K<* +5W 

b  ~T(K-  4)  U  '  B) 


8XM0XS10, 


X  ) 2 
oil)  2 J 


Plots  of  IH  /b  versus  composition  generated  tor  a  number  of 
selected  K  values  are  shown  In  Figure  2.  It  is  seen  that  the  totally 
reacted  systems  are  represented  by  very  large  values  of  K  and  show  a 

characteristic  orthos!  1  lcate  peak  at  X,,,,  =  0.667. 

MO 

To  calculate  tire  partial  molar  heat  of  mixing  for  MO,  the 
right  hand  side  of  equation  (1!)  is  multiplied  by  ry^  +  n  ^  ,  and 
then  partially  differentiated.  The  resulting  expression  is,2 

AiL.  =  -r — - —  l(n  +  11  .  )  AH  ]  (14) 

™  JnMO  M0  B1°2  mix  nSi02 


Introducing  equation  (6),  it  is  readily  shown  that; 

N 

jrj  .  _ K _  '  ,  ,  ,  4(K  -  4)  XSi"2  U  ~  jXMU}  .... 

Ml)  b  2(K  -  4)  |  B  KB  (2  -  X  )2  (  5) 

Plots  of  AH^/b  tor  various  selected  values  of  K  are  included  in  Fig. 
3.  it  Is  seen  that  for  a  totally  reacted  system,  AH*^  becomes  zero 

at  X,.,  *  0.667,  and  tor  alL  concentrations  where  X*.  ‘  <  0.bt>7  ,  AHW,,  is 
MO  ,  MO  MO 

equal  to  b. 


For  a  reacting  system,  the  total  entropy  of  mixing  is  also  due 
to  reaction  (1)  and  may  be  calculated  following  the  same  treatment  as 


0  0.2  0.4  0.6  0.8  1.0 

*M0 


Fig.  3.  Plots  of  AH/b  versus  composition  Ot.  )  at 
selected  K-values. 


for  the  enthalpy  of  mixing,  with  the  main  difference  that  the  inter¬ 
action  parameter  should  now  be  replaced  by  an  entropy  parameter. 

If  6  is  taken  to  represent  the  entropy  change  when  one  mole  of  MO 
reacts  totally  with  SIO2  following  reaction  (1),  then 


AS 


*XM05 


(16) 


The  partial  molar  entropy  of  mixing  for  MO  can  be  obtained  by 
partial  differentiation  as 


*SM0  ~  5  2(K  -  4)  [ 


1  -  B  + 


4  (  K  -  4) 
KB 


xsio,(2  -  3V 

(2  -V  ' 


(17) 


The  values  calculated  from  equation  (17)  which  Is  similar  In 
form  to  to  expression  (15),  represent  the  change  of  entropy  due  to 
reaction  (1)  when  the  number  of  reaction  units  Is  proportional  to  the 


36 


degree  of  reaction  a.  The  latter  Is  defined  by  the  value  of  the 
equilibrium  constant  K  for  a  given  system  at  a  given  temperature. 

The  molar  and  partial  molar  entropies  of  mixing  calculated  by 
this  model  account  for  the  randomness  in  the  system. 

For  example,  the  partial  molar  free  energy  of  mixing  for  any 
of  the  oxygen  specie  present  is  given  as 

AG1  “  RT  In  Nt  (18) 

and  the  corresponding  partial  molar  entropies  of  mixing  are  given  by 
expressions  of  the  type, 


_  din  N 

AS1  -  -  R  In  Nt  -  RT  — jpp—  (19) 

The  latter  expression  contains  the  configurational  term  for  entropy. 
In  which  Nj  Is  a  temperature  and  composition  dependent  quantity. 

It  should  be  emphasized  that  the  term  AS^  for  an  oxygen  spe¬ 
cies  does  not  represent  the  partial  molar  entropy  of  MO  as  this  Is 
obtained  by  partial  differentiation  of  the  total  entropy  change  of 
the  system. 


The  partial  molar  free  energy  of  mixing  t&mix  for  MO  can  be 
obtained  by  combining  the  partial  molar  enthalpies  and  entropies  of 
mixing  according  to  the  Gibbs-Helmholtz  relationship, 


AG, 


MO 


iHM0 


TAS, 


MO 


(20) 


From  equations  (15)  and  (17)  the  following  expresion  Is 
obtained • 


ACmo  “  (b  -  5T) 


1  -  B  + 


4(K  -  A) 
KB 


xsio2  (2  -  3V 

(2  -  w2 
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’  2(k  -  A) 
(21) 


The  term  b  -  *5T  represents  the  "standard”  free  energy  change 
for  reactions  (2)  and  therefore  it  can  be  equated  to  -  RT  In  K. 


The  expression  for  the  activity  of  the  metal  oxide  in  the 
solution,  a  referred  to  the  pure  liquid  MO  as  the  standard  state, 
is  readily  derived  from  equation  (21)  as. 


In 


^0 


2(K  -  A) 


1  -  B  + 


4(K  -  A) 
KB 


SiO. 


(2  - 


3X  ) 
MO 


(2  -  V2 


In  j  (22) 


whore  the  value  of  the  terra  B  Is  given  in  equation  (13). 
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From  equation  (22)  it  is  readily  seen  that  the  concentration 
dependence  ot  activities  is  predicted  using  K  as  the  only  adjustable 
parameter.  For  large  K  values  the  a  term  becomes  zero  for  the  com¬ 
position  range  defined  by  0  <  <  0.67.  For  compositions  more 

basic  than  the  ortho-silicate  X^Q  >  0.667,  becomes  unity.  For 

low  values  of  K  near  unity  the  activities  for  dilute  solutions  of  MO 
show  pronounced  positive  deviations  from  ideality. 

In  general,  high  K-values  indicate  a  highly  reacted  system, 
while  low  K-values  indicate  a  tendency  towards  immisci bi 1 i ty . 

With  regard  to  the  activities  of  MO,  it  is  evident  that,  as 
the  temperature  is  increased,  both  the  oxygon  p-esscre  in  equilibrium 
wlt'n  the  molten  silicate  and  tile  "oxygen  anion  activities"  in  the 
melts  should  Increase.  Such  an  increase  should  be  accompanied  by  a 
decrease  in  Che  K  values  and  should  describe  the  weakening  of  the 
bonds  which  are  binding  the  oxygen  species  in  the  melts.  This 
decrease  in  the  K-values  with  increasing  temperature  is  consistent 
with  the  observed  exothermic  enthalpies  of  mixing  and  the  negative  b 
values  which  are  calculated  for  binary  silicate  systems. 

Limiting  values  for  die  activities  of  MO  should  not  be  calcu¬ 
lated  from  equation  (22)  because  for  very  dilute  solutions  the 
assumption  that  the  equilibrium  constant  K  is  truly  independent  of 
concent  rat  ion  should  no  longer  be  valid. 

Thus,  at  compositions  representing  very  dilute  solutions  of  MO 
in  Si02,  all  the  oxygen  anions  supplied  by  MO  should  be  trapped 
within  the  Si-0*-M  type  configurations  and  the  "free"  oxygen  anion 
population  should  be  approaching  zero. 


COMP ARISON  WITH  FXPKRrMKNTAL  RKSULTS 

Figure  he  shows  a  comparison  between  experimental  (15)  acti¬ 
vity  data  for  PbO  at  10U0°C  and  the  calculated  values  as  predicted 
from  equation  (22)  with  a  value  of  K  =  20.  It  may  be  seen  that  the 
agreement  Is  excellent  within  the  entire  concentration  range  for 
which  the  system  was  investigated.  The  b  value  which  is  calculated 
from  equation  (15)  from  a  single  experimentally  measured  value  of  the 
partial  molar  heat  of  mixing  and  the  previously  obtained  value  K  <* 

20,  is  b  =  -  3,600  cal. mole  1. 

These  two  values  for  K  and  b  may  be  used  in  equation  15  to 
predict  the  partial  mole  heats  of  mixing  over  the  entire  con¬ 
centration  range.  In  Fig.  4a  the  points  are  experimental  and  the 
solid  line  represents  the  calculated  partial  molar  heats  of  mixing. 
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Fig.  4.  (a)  Plot  of  4H  ,  versus  X„,  for  the  Pb0-S102  system. 

Solid  line  Is  calculated  from  theory  (Eqn.  (15)). 

Points  are  taken  from  experimental  data. 

(b)  Plot  of  4Spwj  versls  ^or  the  pl,0~si02  system. 

Solid  line  Is  calculated  from  theory  (Eqn.  (17)). 

Points  represent  experimental  data. 

(c)  Plot  of  versus  for  the  PbO  S102  system. 

Solid  lineals  calculated  from  theory  (Eqn.  (22)). 
Points  represent  experimental  data. 
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It  should  be  emphasized  that  the  Ph0-Si02  binary  system  is  the 
only  system  tor  which  complete  thermodynamic  data  are  available  in 
the  literature.  Partial  molar  enthalpies  of  mixing  measured  both 
caloriinetri cal  ly  (16)  and  elect rochemically  (15)  are  in  good 
agreement.  Also  recent  activity  data  for  PbO  reported  by  various 
authors  (15,17,18)  are  in  good  agreement. 

Comparison  between  data  from  various  sources  is  shown  In  Figs. 
4a,  4b,  and  4c. 

Accordingly,  the  partial  molar  entropies  of  mixing  for  PbO 
have  been  calculated  with  confidence  and  the  results  are  included  in 
Fig.  4b.  In  Fig.  4b  the  points  represent  the  experimentally  obalned 
entropy  values  while  the  line  is  calculated  from  the  thermodynamic 
mode  l . 


Values  of  the  parameter  _6  are  obtained  by  combining  the  K  and 
b  values,  according  to 

-  RT  In  K  =*  b  -  T6  (22) 

For  T  =*  127J°K,  K  =  20  and  b  =  j,6U0  cal/mole,  j5  is  found  to  be  equal 
to  3.1  e.u.  The  good  agreement  between  the  experimental  data  for  the 
partiaL  molar  entropies  of  mixing  of  PbO  and  the  curve  predicted  by 
equat  Ion  (22)  is  shown  in  Fig.  4b. 

Activities  of  FeO  referred  to  the  pure  liquid  FeO  as  the  stan¬ 
dard  state  have  been  determined  in  the  temperature  range  1250-1400°C 
by  equilibrating  C0-C02  (19)  and  H2~H20  (20)  gas  mixtures  with  melts 
contained  in  iron  crucibles.  More  recently,  activities  of  FeO  have 
been  measured  in  the  range  1785-196U°C  (21)  by  equilibrating  molten 
levitated  beads  of  iron  with  liquid  Fe0-Si02  slags  and  by  analyzing 
for  the  oxygen  content  in  the  iron. 

Because  of  the  non-stoichiometry  of  FeO,  the  system  is  not  a 
true  binary  and  may  be  considered  as  a  ternary  containing  FeO, 

Si02  and  small  amounts  of  Fe 20 3.  Several  attempts  (3,22)  have  been 
made  to  correct  the  published  data  for  the  effect  of  the  non- 
stoichiometry  of  FeO  but  it  is  felt  that  such  corrections  could 
introduce  deviations  larger  than  the  inherent  uncertainty  in  the 
experimental  data. 

The  activity  plot  of  Fig.  5  indicates  the  good  agreement  bet¬ 
ween  the  experimental  activities  at  1 300°C  and  at  1785°C  with  those 
predicted  from  equation  (22)  with  K  values  of  8  and  5,  respectively. 

From  the  expression 

jJj-JS  =  b  (23) 

dT 
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Vig.  5.  Plots  of  a  versus  X  for  the  Fe0-Si02 
system  at  l7d5°C  and  L30u°C,  respectively. 
Points  are  experimental,  solid  lines  are 
calculated  from  equation  (22). 


and  the  available  K  values  at  two  different  temperatures,  an  approxi¬ 
mate  value  of  the  parameter  b  for  this  system  is  given  as  -6,270 
cal/mole.  The  correspond Ing  approximate  value  of  _6  is  0.2  e.u. 

The  activities  of  CoO  in  CoQ-Si02  melts  have  been  measured  at 
l 500°C  by  equilibrating  melts  held  in  Pt-Rh  containers  with  known 
oxygen  potentials  (23).  The  original  data  are  given  with  respect  to 
the  solid  CoO  as  the  standard  state  and  have  been  recalculated  with 
reference  to  pure  supercooled  liquid  CoO  (23).  For  this  conversion 
Che  entropy  of  fusion  of  Col)  has  been  taken  (A)  to  be  the  same  as 
for  FeO,  as  A, 25  e.u.  The  experiments  could  only  cover  the  con¬ 
centration  range  between  53  and  7iJ  mole  Z  CoO. 

Figure  6  shows  a  comparison  between  the  experimental  activi¬ 
ties  at  15U0°C  (referred  to  Liquid  CoO)  and  those  predicted  by 
equation  (22)  with  K  =  7 .  In  view  of  the  apparent  uncertainty  of 
these  data,  the  agreement  is  acceptable. 


Fig.  6.  Plot  of  a  versus  for  the  CoO-SiU2  system 

at  15U0°C:  ^Points  are  experimental.  Solid  line 
is  calculated  from  equation  (22)  with  K  =  7, 


Activities  of  the  MnO  at  16UU°C  referred  to  pure  solid  MnO  as 
the  standard  state,  have  been  determined  by  equilibrating  various  gas 
mixtures  of  with  solid  Mn  and  Liquid  slags  containing  MnO 

and  SiO^  (24).  The  accurate  conversion  of  these  data  to  activities 
referring  to  pure  supercooled  MnO  at  1600°C  is  difficult  because  of 
Che  lack  of  knowledge  on  the  heat  ot  fusion  of  MnO  and  the  uncer¬ 
tainty  regarding  the  melting  point  of  the  oxide.  However,  it  has 
been  assumed  (4),  that  the  entropy  of  fusion  of  MnO  is  the  same  as 
for  FeO,  e.g.  4.3  e.u. ,  and  that  the  melting  point  is  1875°C  (25). 

The  activities  with  regard  to  molten  MnO  as  the  reference  state  have 
been  calculated  from  the  well-known  expression. 


(a  ), 

MnO  iiq. 

^  aMnO^ so  1 . 


t  us ion 
FT 


(24) 
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Figure  7  allows  a  comparison  between  the  converted  experimental 
activities  and  the  values  predicted  by  equation  (22)  with  K  ■=  1  9 .  It 
may  be  seen  that  the  agreement  is  satisfactory  in  the  concentration 
range  tor  which  the  experimental  data  are  available. 


Fig.  7.  Plot  of  a  versus  for  the  Mn0-Si02  system 

at  l650°C.n  Points  arenexper imental .  Solid  line 
is  calculated  from  equation  (22)  with  K  =  19. 


Activities  of  CaO  have  not  been  experimentally  determined  with 
respect  Co  the  pure  liquid  oxide  as  the  reference  state.  The  only 
data  available  representing  the  mixing  of  supercooled  CaO  are  the 
free  energies  of  mixing  at  1600°C  estimated  by  Darken  and  Gurrv  (26) 
from  which  activities  for  both  components  may  be  obtained  (21,23).  A 
comparison  between  these  approximate  activities  of  CaO  and  those 
obtained  from  equation  (22)  with  K  =  200  Is  shown  in  Fig.  8. 

The  Ca0-Si02  binary  is  a  highly  reacted  system  in  which  the 
almost  complete  formation  of  the  or thos 1 ilcate  configuration  is 
observed  at  67  mole  X  CaO. 


^CdO 


Fig.  8.  Plor  of  a  versus  X.,  for  the  CaO-SiO?  system 
at  16uO°cVaUPoints  are  experimental .  Solid  line 
Is  calculated  from  equation  (22)  with  K  =  22. 


The  activities  of  SnO  in  the  binary  SnO-SlO^  system  have  been 
obtained  (27)  in  this  laboratory  from  emf  measurements. 

Figure  9  shows  a  comparison  between  the  experimental  activi¬ 
ties  of  SnO  at  1000°C,  with  respect  to  molten  SnO  as  the  state  of 
reference,  and  those  calculated  from  equation  (22)  using  a  K-value 
equal  to  2.7. 

Such  a  low  K-value  suggests  that  SnO  Is  one  of  the  most  acidic 
oxides  with  respect  to  silica. 
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Fig.  9.  Plot  of  a  versus  Xc10  for  the  system 

Sn0-Si02.  Points  are  experimental.  Solid 
line  is  calculated  from  theory  with  K  »  27. 


REACTIVITY  SCALE  IN  BINARY  SILICATE  MELTS 

The  energy  released  during  the  mixing  of  a  metal  oxide  with 
silica  according  to  reaction  (1)  is  represented  by  the  interaction 
parameter  b.  The  magnitude  of  b  depends  upon  the  ability  of  the 
metal  oxide  to  release  its  oxygen,  which  reacts  with  silica  in  order 
to  form  the  Si0-0*-M  type  configurations.  The  overall  energy  for  a 
configuration  of  the  type  Si-0*-M  depends  upon  the  competing  interac¬ 
tions  of  the  oxygen  with  the  surrounding  Si  and  M  atoms  and  is 
expected  to  decrease  proportionally  with  the  formation  potential  of 
the  metal-oxygen  atom  pair. 

Metal  oxides  having  strong  metal  to  oxygen  interactions  are 
less  effective  as  oxygen  donors  than  those  in  which  the  interactions 
are  weak.  Since  the  strength  of  the  metal  to  oxygen  bond  is  expected 
to  be  inversely  proportional  to  the  Interatomic  distance  d^,  the 
interaction  parameter  b  should  change  in  proportion  to-l/d. 
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If  the  entropy  change  associated  with  reaction  (1)  is  taken  to 
be  small,  the  "standard"  free  energy  change,  which  is  equal  to  -RT  In 
K,  could  be  approximated  by  _b.  Then,  the  value  of  the  quantity  -RT 
In  K  should  also  be  proportional  to  the  reciprocal  of  the  metal- 
oxygen  distance  d  in  the  pure  solid  metal  oxide.  This  assumption 
appears  to  be  valid  in  the  case  of  the  Fe0-Si02  system  for  which  the 
available  data  indicate  an  entropy  '  parameter  of  only  0.2  e.u.  Low 
values  of  {  can  also  be  expected  for  the  remaining  metal  oxides 
having  the  same  NaCI  cubic  structure. 

The  plot  of  -RT  In  K  versus  1/d  shown  in  Fig.  10  includes  only 
cubic  metal  oxides  like  Cat),  FeO,  MnO  and  CoO,  and  Che  relationship 
appears  to  be  linear. 

A  cubic  oxide  like  PbO,  which  has  a  layer  structure,  does  not 
behave  in  this  manner  and  is  expected  to  indicate  different  trends. 

Approximate  K  values  for  the  binary  silicates  containing  other 
cubic  oxides  like  NiO,  MgO,  SrO  and  BaO,  for  which  experimental  acti¬ 
vities  are  not  available,  may  be  obtained  by  extrapolation  in  Fig. 

10.  Such  K-values  may  be  used  in  equation  (22)  to  predict  the  acti¬ 
vities  of  the  metal  oxides  with  respect  to  pure  liquid  oxides  as  the 
reference  states. 

Thus,  estimated  activity  isotherms  for  the  systems  BaO-SiOj 
and  SrO-SiOj  at  1900°C,  are  shown  in  Fig.  11. 

A  summary  of  the  experimentally  available,  as  well  as  extrapo¬ 
lated  K-values  for  the  various  cubic  systems,  are  given  in  Table  2. 


TABLE  2 

Scale  of  Basicity  of  Cubic  Metal  Oxides  Towards  Silica 


Metal 

oxides 

Equil*  constant 

K 

Inter-atomic 

distance 

d(A°) 

Metal-oxygen 

attraction 

z2/d 

-RT  In  K, 
or  b, 
cal/mole 

BaO 

11,000  (1873K) 

2.771 

1.44 

-34,500 

SrO 

1,300  (1873K) 

2.560 

1.54 

-26,600 

CaO 

200  (1873K) 

2.406 

1.6b 

-19,700 

MnO 

19  ( 1923K) 

2.218 

1.80 

-11,300 

FeO 

6.3  (1873K) 

2.148 

1.84 

-6,700 

CoO 

7  (1773K) 

2.127 

1.87 

-6,800 

NiO 

2  (2000K) 

2.071 

1.93 

-2,600 

40000 


rig.  10.  Plot  of  -  RT  In  K  or  " 


4  7 


-b-'  versus  1/d 


Table  2  also  Includes  a  list  of  interatomic  distances  and  of 
atom-pair  potentials,  expressed  as  z2/d,  where  z  is  the  valence  of  a 
metal  cation.  The  last  column,  which  represents  either  b  or  -  RT  In 
K,  may  be  taken  to  represent  a  "basicity”  or  "reactivity"  scale  for 
the  various  metal  oxides  listed.  This  scale  is  a  measure  of  the  abi 
lity  of  a  given  metal  oxide  to  disrupt  the  silicate  network. 


XM0 


Fig.  II.  Actvlty  isotherms  for  the  molten  systems  BaO- 
Sit>2  Sr0-Si(>2  at  1900°C  estimated  from  the 
K-values  shown  in  Fig.  10. 


CONCLUSIONS 


The  equilibrium  constant  concept  for  binary  silicate  melts 
introduced  by  Toop  and  Samis  (12)  has  been  employed  for  the  deriva¬ 
tion  of  analytical  expressions  which  describe  the  concentration 
dependence  of  partial  molar  properties,  such  as,  activities,  the  par 
tial  molar  enthalpies  and  entropies  of  mixing.  The  thermodynamic 
model  is  capable  of  describing  within  the  Umits  of  experimental 
uncertainty  the  concent  rat  Ion  dependence  of  these  properties. 


For  the  calculation  of  the  activities  It  Is  only  necessary  to 
use  the  equilibrium  constant  K  as  an  adjustable  parameter.  However, 
once  K  for  a  given  binary  system  has  been  calculated  from  activity 


data,  the  heats  of  mixing  for  the  system  may  be  calculated  over  its 
entire  concentration  range  using  one  additional  adjustable  parameter, 
b,  which  has  a  unique  value  for  each  binary  silicate  system. 

!  The  partial  molar  entropies  of  mixing  are  then  readily 

'  calculated. 

In  comparison  with  available  experimental  data  the  present 
thermodynamic  model  has  been  found  capable  of  expressing,  within  the 
limits  of  experimental  error  the  concentration  dependence  of  the 
:  molar  and  partial  molar  properties  in  binary  silicate  melts  over  a 

i'  wide  composition  range,  including  the  SiOj  rich  regions  for  which 

(most  polymeric  type  thermodynamic  models  are  non-applicable .  The 

present  model  should  be  unrealistic  for  dilute  solutions  particularly 
1  in  systems  which  are  characterized  by  low  K-values.  In  composition 

ranges  near  pure  MO  and  near  pure  Si02  the  assumption  that  K  is  a 
concentration  independent  quantity  should  not  be  expected  to  be 
valid. 

In  recent  papers  by  Dron  (28-30),  the  concept  of  an 
equilibrium  between  the  various  oxygen  species  proposed  by  Fincham 
I  and  Richardson  (1)  and  by  Toop  and  Samis  (2),  has  been  expanded  to 

account  for  possible  differences  in  the  thermodynamic  states  of 
doubly  bonded  oxygen,  in  accordance  with  the  number  of  the  reacted 
oxygen  atoms  carried  by  the  adjacent  silicon  atoms.  However,  the 
treatment  of  such  multiple  equilibria  requires  the  use  of  several 
equilibrium  constants  and  general  applicability  becomes  questionable. 

In  their  modified  quasichemical  approach,  pair-bonding 
enthalpy  and  non-conf igurat ional  entropy  contributions  associated 
with  reaction  (1)  have  also  been  considered  by  Pelton  and  Blander 
(3-32).  It  is  6hown  that  the  thermodynamic  properties  of  binary  (31) 
and  higher  order  systems  (32)  may  be  expressed  by  semi-empirical 
l  equations  which  are  suitable  for  data  treatment  and  computer 

!  optimization. 

j  The  simple  thermodynamic  model  developed  in  this  paper  shows 

1  that  the  properties  of  silicate  melts  are  determined  primarily  by  the 

;  interaction  of  oxygen  ions  with  silica.  These  interactions  Involve 

|  only  nearest  neighbours  and  the  magnitude  of  the  partial  molar  pro- 

(  perties  appear  to  depend  on  the  degree  of  completion  of  reaction  (2) 

|  which  represents  the  equilibrium  between  the  various  oxygen  species. 

!  Because  of  the  predominance  of  such  short  range  Interactions,  the 

J  thermodynamic  treatment  does  not  require  the  exact  knowledge  of  the 

j  detailed  structure  of  the  poly-silicate  complex  configurations  that 

.  may  form  during  reaction. 
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THERMODYNAMIC  PROPERTIES  OF  THE  MOLTEN  PbO-PbCl >  SOLUTIONS 
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ABSTRACT 

Partial  molar  and  integral  molar  properties  of  mixing  for  the 
PbO-PbC^  raelts  have  been  investigated  by  using  solid  electrolyte 
galvanic  cells  of  the  type: 

Ni-NiO/CaO  -  Zr02/Pb0  -  PbCl2/Pb 

The  thermodynamic  properties,  such  as  activities  and  the  par¬ 
tial  molar  enthalpies  of  mixing,  calculated  from  the  measured  cell 
potentials  show  pronounced  negative  deviations  from  ideality. 

To  explain  this  behaviour  and  to  predict  the  concentration 
dependence  of  the  thermodynamic  properties  of  these  solutions,  a 
theoretical  model  based  on  a  number  of  possible  reaction  mechanisms 
has  been  developed. 

It  is  shown  that  in  a  non-ideal  solution,  the  activity  of  any 

component  A  B  is  given  as: 
x  y 

a  -  (N*+  •  Ny-) 

A  B  A  B  ^equilibr iura 

x  y  1 

where  N  +  and  N  -  are  respectively  the  cation  and  anion  fractions  in 
a  solution  whicn  has  reached  the  ionic  composition  representing  a 
specific  reaction  mechanism  at  equilibrium. 

From  the  activity  data,  the  limiting  experimental  conditions 
for  removing  the  oxygen  impurity  from  PbCl2  melts,  and  for  recovery 
of  Pb  and  02  by  fused  salt  electrolysis  have  been  established. 

INTRODUCTION 


The  PbO_PbCl2  molten  solutions  represent  the  only  metal  oxide- 
metal  chloride  system  in  which  oxide  solubility  occurs  over  a  wide 
concentration  and  temperature  range  at  relatively  low  temperatures. 

*  Cyanaraide  of  Canada,  Niagara  Falls,  Ontario,  Canada. 


Recently  the  phase  diagram  ot  the  system  has  been  revised  by 
Renan  Id  et  aL.  (1)  and  significant  differences  from  the  earlier  work 
by  Kuer  (2)  and  Varoni  (3)  have  been  found.  At  a  temperature  of 
700°Ct  the  range  of  liquid  solutions  extends  from  pure  PbCl 2  to  about 
80  mole  X  PbO. 

Activities  of  PbO  in  this  system  have  been  measured  electro- 
chemically  by  Sugawara  et  al«  (A)  at  temperatures  between  506  and 
1063°C. 

In  the  present  investigation  the  reversible  emf  of  the  cell, 

(  +  )Pb(iiq)PbO*  -  PbCl2j_..x/Zr02  -  CaO/NiOs,  Ni^-) 

was  measured  for  PbO  compositions  varying  between  pure  PbO  to  1  mole 
%  PbO,  and  in  the  temperature  range  450  to  950°C. 

From  the  results  the  thermodynamic  properties  of  PbO  and  of 
PbCl2  in  the  PbO-PbCl2  melts  have  been  calculated.  In  addition  to 
its  theoretical  significance,  the  thermodynamic  information  may  be 
used  to  predict  the  limiting  equilibrium  conditions  for  the  chlorina¬ 
tion  of  PbO  at  high  temperatures,  for  the  preparation  of  pure 
PbCl2  through  the  electrochemical  removal  of  an  oxygen  impurity  and 
for  the  recovery  of  metallic  lead  by  fused  salt  electrolysis  of  the 
PbO-PbCl;  solutions  in  the  temperature  range  500  to  oOU°C. 

EXPERIMENTAL 

The  design  of  the  cell  for  the  eraf  measurements  is  given  in 
Fig.  1.  The  reference  electrode  consisted  of  a  CaO  stabilized  zir- 
conia  tube  containing  13  mole  %  CaO,  closed  at  one  end,  having  a 
total  length  of  about  30  cm.  To  make  this  electrode,  nickel  wire  1 
mm  in  diameter  having  a  spiral  end  was  inserted  into  the  zirconia 
tube  and  was  covered  with  2  to  3  cm  of  a  compacted  mixture  of  Ni  and 
NiO  powders.  The  open  end  of  this  tube  was  closed  with  a  glass  bell 
cemented  into  place  and  the  entice  system  could  be  evacuated  and 
sealed  tiqder  vacuum.  During  its  operation  the  thermal  decomposition 
of  NIO  at  the  temperature  of  the  experiment  established  the  oxygen 
gas  pressure  and  the  emf  measurements  did  not  contain  errors  due  to 
mixed  potentials  which  are  created  by  non-equilibrium  oxygen  pressure 
com!  i  1 1  ons  ( 5 ) . 

The  indicator  eLectrode  was  molten  lead  in  contact  with  the 
PhO'PhCl^  melt  contained  in  a  zirconia  crucible.  Electrical  contact 
to  the  lead  was  through  iridium  wire,  about  1  mm  in  diameter  and  10 
cm  long,  connected  to  a  platinum  wire  lead. 

The  entire  electrode  assembly,  including  the  crucible  with  the 
salt  mixture,  was  placed  in  a  silica  tube  closed  at  one  end.  The  top 
of  this  tube  was  covered  with  a  nickel  plate  machined  to  contain 


entry  ports  for  the  various  celL  components,  as  shown  in  Fig.  1. 
Vacuum  tight  seal  was  provided  by  De  Khot insky  cement  covering  the 
entire  surface  ot  the  top  plate  and  all  openings.  To  prevent  the 
escape  of  the  volatile  PbCl2  from  the  zirconia  crucible  containing 
the  PbO- PbCl2  melt,  the  top  of  the  crucible  was  also  closed  with  a 
boron  nitride  lid  machined  to  tit  tightly.  This  lid  had  openings  for 
the  insertion  of  the  reference  electrode  and  the  other  cell  com¬ 
ponents  shown  in  Fig.  1.  A  further  precaution  against  possible  vola¬ 
tilization  of  PbCl2  was  provided  by  operating  the  indicator  electrode 
compartment  under  a  static  blanket  of  purified  argon.  A  gas  valve, 
connected  in  parallel  with  the  argon  supply  to  the  cell,  maintained  a 
slightly  positive  gas  pressure  while  it  prevented  the  flow  of  gas  and 
created  semi-static  conditions. 

Materials  losses  due  to  possible  volat 1 Llzat ion  were  deter¬ 
mined  by  weighing  the  contents  of  the  crucible  before  and  after  a 
run,  during  dummy  runs  that  duplicated  the  experimental  conditions  in 
terms  of  melt  composition,  temperature  and  duration.  No  significant 
loss  of  materials  was  observed.  For  example,  for  a  total  melt  weight 
of  50  grams  containing  70  mole  X  PbCl2,  at  a  temperature  of  750°C, 
over  a  period  of  10  hours  the  weight  loss  was  only  0.2  gram. 
Accordingly,  melt  compositions  did  not  have  to  be  corrected  for 
losses  due  to  volatilization. 

The  Pbo  and  PbCi2  used  ror  these  experiments  were  anhydrous 
high  purity  reagents  and  argon  was  dehydrated  and  oxygen  purified  by 
using  the  appropriate  getters  (Ti  pellets  at  1000*0) • 

Potential  measurements  taken  during  a  heating  and  cooling 
cycle  at  each  composition,  were  in  agreement  to  within  t'l  milli¬ 
volts.  Maximum  duration  of  a  run  was  about  10  hours. 

RESULTS  AND  DATA  TREATMENT 


Reversible  potentials  were  measured  as  a  function  of  tem¬ 
perature  and  composition  and  the  results  are  shown  in  Figs.  2  and  3. 
The  data  have  been  calculated  by  least  squares  to  correspond  to 
linear  equations  of  the  form: 

K  (in  mV)  -  A-bT  ( 1 ) 

where  A  and  B  are  constants  tor  a  given  composition  and  T  is  given  in 
degrees  KeLvin.  The  constants,  and  the  calculated  standard  and  maxi¬ 
mum  deviations,  are  given  in  Table  1. 


The  activities  ot  PbO  were  calculated  from  the  Nernst  equation 
given  as: 


(E 


NiO 


E°  )  -  RT/2F  In 
Pbo 


PbO 


(2) 
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TABLE 


emf  Measurements  Representing  the  Overall  Cell  Reaction 


N1(s)  +  (Pb0)in  PbO-PbCt,  ■  N1°(s)  *  Pbl 


Note:  Negative  emf  values 

Imply  a  reversal 

In  the  electrode 

reaction. 

T 

E  =  A  -  BT 

Standard 

Maximum 

Xph„  Terap.  Range 

( °K) 

A  B 

deviation 

deviation 

(mV) 

(mV) 

(mV) 

0.01 

778-914 

-15.933 

0.15322 

±  0.90 

t  1.5 

0.05 

778-873 

-39.228 

0.05184 

i  1.16 

t  2.5 

0.1 

762-874 

-32.380 

0.02944 

t  1.34 

*  2.9 

0.2 

775-874 

-14.103 

0.00106 

t  0.92 

i  1.6 

0.3 

474-926 

19.579 

O.OI716 

±  2.08 

t  3.6 

0.4 

781-935 

29.452 

0.000066 

t  0.30 

t  0.5 

0.4 

921-1010 

78.821 

0.01374 

t  0.88 

i  1.6 

0.6 

956-1062 

117.207 

0.02322 

t  0.51 

t  1.3 

0.7 

967-1064 

158.435 

0.03938 

t  0.34 

i  1.2 

0.8 

1016-1094 

204.462 

0.06705 

t  1.03 

i  1.7 

1 .0 

160-1371 

222.98 

0.05052 

t  0.57 

t  1.0 

TABLE  2 

Standard 

Electrode  Potentials 

Cell  Potential 

Electrode 

Temp . 

E°  =  A°  -  B°T 

Standard 

Maximum 

Range 

A0  B° 

Deviation 

Devlat i on 

(°K) 

(mV) 

(mV) 

(mV) 

Ni,  ,  +  1/2  Oj,  . 

(■?)  Mg.lat) 

“  N1°(s) 

911- 

1376 

1,210.83  0.43993 

t  0.57 

t  1.0 

Pb<l)  *  1,2 

1 1  60- 

987.5  0.38941 

t  0.51 

t  0.8 

Pb,  .  +  C 1 2  /  i  ,.  •» 

(l)  MK,lat) 

-  Phrl  'l9) 

PbCl 2 ^  ^ 

77)- 

1,742.5  0.602 
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is  the  activity  of  PbO  calculated  with  respect  to  pure 
as  the  standard  state,  R  and  F  have  the  values  of  I.9R7 
and  23,066  cal. volt  l,  respectively.  F  is  given  in  volts 
and  R®  and  are  respectively  the  formation  potentials  of  pure 

solid  niO  and  pure  molten  PbO  at  the  same  temperature  as  T.  T  is 
given  In  degrees  Kelvin. 

The  formation  potentials  for  pure  solid  NiO  at  various  tem¬ 
peratures  have  been  established  in  previous  investigations  (5-1 l). 
With  regard  to  pure  molten  PbO  the  standard  Gibbs  free  energies 
reported  by  several  investigators  (12-14)  and  by  Charette  and  Flengas 
(5)  are  in  substantial  agreement  to  within  2  to  4  mV.  Accordingly, 
the  standard  formation  potentials  for  NiO  and  for  PbO  used  for  the 
calculation  of  the  activities  from  equation  (2)  are  those  reported  in 
our  previous  work  (5).  The  latter  were  obtained  by  eraf  measurements 
in  closed  cells  similar  to  those  used  in  the  present  investigation. 
The  data  for  the  standard  potentials  of  NiO  and  PbO  are  given  in 
Table  2. 


,"oUen'PS8 

cal. mole  1 


The  activities  of  PbO  at  the  selected  temperatures  of  ?50°C 
and  850°C  are  given  in  Table  3.  The  activities  of  pbc 1 2  which  are 
also  Included  in  Table  3,  have  been  calculated  using  t fie  well  known 
01 bbs-Duhem  relationship  (13). 


TABLF,  3 


750°C 


850°C 


PbO 


PbO 


PbCl2 


PbO 


-  ^PbO** 

a„.„,  Kcal/mol 

PbCi  2 


0, 

l 

0.005 

0. 

890 

0.008 

0.899 

-11. 

80 

0. 

2 

0.010 

0. 

765 

U.02u 

0.796 

-10. 

90 

0. 

3 

0.022 

0. 

620 

0.035 

0.660 

-9. 

40 

0. 

4 

0.045 

0. 

440 

0.065 

0.475 

-8. 

90 

0. 

50 

0.085 

0. 

240 

0.115 

0.300 

-6. 

60 

0. 

60 

0.160 

0. 

no 

0.200 

0.150 

-4. 

80 

0. 

7 

0.280 

0. 

035 

0.325 

0.060 

_2 1 

90 

0. 

8 

0.450 

0. 

nio 

0.480 

0.018 

-0. 

80 

0. 

q 

~ 

~ 

(0.760) 

*  (0.001)* 

* 

Extrapolated 

** 

The 

uncertaint 

V 

in  the 

values 

of  the  partial 

molar 

heat 

s  of  mixing 

Is  about  ±1*0 

Kcal/mole. 
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The  partial  molar  enthalpies  of  mixing  for  PbO ,  given  in  Table 
3,  have  been  calculated  from  the  A-constants  which  are  presented  in 
Table  1,  using  the  readily  derived  expression: 

AH pbo  “  46,132  (A  -  0.2233)  (3) 

These  values  are  given  in  cals. mole  ^  and  may  be  converted  to  S.I. 
units  by  multiplication  with  4.184  Joules. 

Activities  of  PbO  In  this  system  reported  by  Sugawara  et  al. 
(4)  are  In  disagreement  with  the  present  results,  particularly  at 
high  PbO  contents.  For  solutions  containing  more  than  80  mole  X  of 
PbO,  the  reported  activities  are  greater  than  unity,  which  is  ther¬ 
modynamically  Impossible  for  the  chosen  reference  states  which  were 
the  same  as  in  the  present  calculat Ions .  For  compositions  lower  than 
30  mole  %  PbO,  there  Is  better  agreement  with  the  present  results, 
although  the  temperature  dependences  of  the  emf's  differ. 

Activity  isotherms  for  the  PbO  and  the  PbCl2  components  are 
shown  In  Fig.  4.  Activities  calculated  by  Sugawara  et  al.  (4)  are 
also  Included  for  comparison. 

DISCUSSION 


The  pronounced  negative  deviations  from  Ideality  shown  by  the 
activity  data  In  Table  3  and  by  the  strongly  exothermic  partial  molar 
heats  of  mixing  for  PbO,  are  indicative  of  strong  Interactions  bet¬ 
ween  the  solute  ions  In  the  PbO-PbCl2  melts. 

The  result  of  such  interactions  could  be  the  formation  of 
complex  oxychloride  configurations  of  the  general  type, 

(Pb  0  Cl  )(2p  "  2<!  *  r)+ 

p  q  r 

similar  to  the  incongruently  melting  compounds  3PbCl2-2PbO, 

PbCl2'PbO,  PbCl2-2PbO  and  PbCl2.4PbO,  which  have  been  identified  as 
existing  In  a  solid  state  within  the  phase  diagram  of  the  system 
d-3). 


Considering  a  solution  which  Initially  contains  nj  and 
n2  moles  of  PbO  and  PbCl2,  respectively.  It  will  be  assumed  that  a 
complex  forming  reaction  Is  taking  place  until  equilibrium  Is 
reached . 

If  a  is  the  fraction  of  the  Initial  oxygen  which  has  reacted 
and  has  been  Incorporated  In  the  complex  oxychloride,  then  the 
enthalpy  change  for  the  formation  of  the  solution  Is  given  as: 

AH  =  n.a  AH°  (4) 

m  1  r 
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where  AH°  is  the  enthalpy  change  for  the  formation  of  one  mole  of 
oxychloride  species  containing  one  gram-atom  of  oxygen,  such  as  in 

(l-b  .  *0  *C1  .  )(2p  -  2(5  -  r)/q+ 
p/q  r/q 

The  "reaction"  part  of  the  enthalpy  of  mixing  is  considered  to 
be  a  major  cont rlbut ion  to  the  total  energy  released  during  mixing, 
ami  any  other  secondary  interactions  between  the  solute  atoms  in  the 
reacted  system  will  not  be  taken  into  account. 

The  total  entropy  of  mixing  is  considered  to  consist  of  two 
major  contributions;  the  entropy  for  the  formation  of  the  amount  of 
oxychloride  complex  present  at  equilibrium  and  the  conf igurat ional 
contribution  for  the  random  mixing  of  the  various  species  i  pre.^tt 
at  equilibrium. 

The  total  entropy  of  mixing  may  be  written  as; 

AS  *  n,a  AS°  -  R  Y.  n  .  I.n  N  (5) 

m  1  r  J  i  ' 

l 

where  n^  and  are,  respectively,  the  number  of  moles  and  the  ionic 
fractions  of  species  i  present  in  the  mixture  at  equilibrium. 

Combination  of  equations  (4)  and  (5)  into  the  Gibbs-Helmholt z 
relationship  yields  the  the  Gibbs  free  energy  of  mixing  as; 

AGm  -  nia  (AH*  -  T AS* )  +  HT  l  n£  in  ^  (6) 


Air  “  TAS  -  -  RT  In  K  (7) 

r  r 

K  is  the  equilibrium  constant  for  a  given  oxychloride  formation  reac¬ 
tion,  which  is  specific  to  each  system. 

The  expression  for  the  activities  of  PbO  is  obtained  by  par¬ 
tial  dif ferent iat ion  of  equation  (7)  with  respect  to  nj  at  constant 
n2  and  under  the  restriction  that; 

=  1,  at  equilibrium  (8) 

The  final  equation  takes  the  form: 


10  'V  bo  =  l  ln  Ni  '  Tnf  L 


(  d  a  > 

ni  '  dTrr 


+  a  In  K 


It  is  readily  seen  that  the  expression  for  the  activity  of  PbO 
contains  the  equilibrium  constant  K  as  the  only  adjustable  parameter 

The  solution  of  equation  (9)  Is  readily  found  by  considering 
the  mass  balances  representing  various  reaction  mechanisms. 
Irrespective  of  the  scheme  chosen,  the  expression  for  the  activity  is 
found  to  have  the  following  form: 


aP bO  *  (NPb2+  '  N02_:)at  equtl. 


(10) 


f  rac 


In  equatlori  (10),  Jl  and  Nq2~  are  respectively  the  ionic 
tlons  for  Pb2  and  02  in  a  molten  mixture  of  PbO  and  PbCl2  which 
has  reacted  Internally  in  accordance  with  a  specific  reaction  mecha¬ 
nism  and  has  reached  a  state  of  equilibrium. 

from  similar  conslderat  ions  it  .may  be  shown  that  the  activity 
of  PbClj  Is  given  by  the  expression: 


PbCl; 


(N 


Pb2 


J 2  -) 

Cl  at  equil. 


(11) 


For  (lie  PbO-PbClj  solutions  several  reaction  mechanisms  have 
been  considered,  such  as  the  formation  of  the  complex  oxychlorides, 
Pb20Cl  ,  Pb202  ,  PbCl202  ,  as  well  as  the  compositions  representing 
the  various  incongruent ly  melting  compounds  mentioned  earlier. 

From  all  these  possible  schemes  the  experimental  data  appear 
to  be  best  represented  by  the  reaction: 


2Pb2+  +  07~ 


+  Cl  =  l’b,0Cl 


(12) 


The  mass  balance  representing  equation  (12)  is  given  in  Table 
4.  The  equilibrium  constant  is  written  as: 


K  = 


N  ,  + 

Fb^_0C_L  _ 

NC1- 


*Pb>  '  No~ 


(13) 


tor  which  the  expressions  for  the  ionic  fractions  are  given  in  Table 

4. 

Degrees  of  reaction  a  have  been  estimated  for  various  selected 
K  values  from  equation  (13),  and  are  given  In  Table  5. 

From  the  equilibrium  ion-fractions  given  in  Table  4,  the  acti¬ 
vities  for  PbO  and  PbCl2  are  readily  calculated  as: 


PbO 


1  -  2  aX  ; 
1  -  aX  r 


Xjd  -  a) 
l  +  X?  -  2aX, 


(14) 


and 


5 


TABLE  4 


Ionic  Composition  of  the  PbO-PbCl2  Molten  Solutions 
Representing  the  Reaction 

_ 2Pb2+  +  02~  +  2C1~  =  Pb20Cl  +  +  Cl~ _ 


UNRKACTKD  MELT 

Melt  compositi. 

reached 

on  when  reaction  has 
equilibrium 

Compo¬ 

sition 

No  of  Mole 

moles  fractions 

Mole  numbers 
at  equilibrium 

Ion  fractions 

PbO 

n  1  X! 

npb2+  = 

n  j  +  n2  -  2an i 

Npb2+  - 
1  -  2aX  , 

1  -  aX  ! 

PbC  L  2 

n  2  X  2 

npb,oci+  =  an> 

-  =  — ix.i_ 

'  Pb20Cl  1  -  aX  1 

n02-  =  "lU  ~  a> 

v  ■ 

X  ,(  1  -  a) 

1  +  X2  -  2aX  , 

n  »  2n2  -  an 

1  Nci-  - 

2X  5  -  aX  , 

1  +  X2  -  2aX  ! 

a  =  1  - 

PbCl 2  1  -  aX  ! 


2X?  -  aX  i  2 
]  +  X2  -  2aX  i 


(15) 


where  Xj  and  X2  in  these  expressions  are  respectively  the  primary 
mole  fractions  of  PbO  and  PbCl2  in  the  "unreacted"  mixture. 


The  activity  isotherms  shown  in  Fig.  4  were  calculated  from 
equations  (14)  and  (15)  (solid  lines),  while  the  points  are  experi¬ 
mental.  The  1023  isotherm  was  calculated  from  the  a-values 
corresponding  to  K  -  15.  The  isotherm  at  1123K  was  calculated  from 
the  a-values  based  on  K  =  10« 


It  should  be  noticed  that  at  constant  composition  the  activity 
of  apbQ  increases  as  K  decreases. 
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TABLE  5 


Dependence  of  Degree  of  Reaction  a  on  the  Equilibrium  Constant,  K, 
at  Various  Compositions,  for  the  Reaction 


Pb 

2+  +  02" 

+  Cl'  Pb  ?0C1+ 

K 

1 

10 

15 

100 

1,000 

10,000 

QO 

X 

PbO 

a 

a 

a 

a 

a 

a 

a 

0.0 

i 

i 

t 

i 

i 

i 

i 

0.1 

0.32183 

0.81296 

0.86579 

0.97676 

0.99762 

0.99976 

i 

0.7 

0.30991 

0.7898b 

0.84193 

0.97038 

0.99691 

0.99969 

i 

0.3 

0.29576 

0.79659 

0.80520 

0.95713 

0.99525 

0.99952 

i 

0 .  A 

0.28035 

0.69702 

0.75367 

0.92370 

0.98886 

0.99881 

i 

0.3 

0.26216 

0.63809 

0.68849 

0.84653 

0.93307 

0.96991 

i 

0.6 

0.23926 

0.57257 

0.61545 

0.74321 

0.80369 

0.82380 

0.83333 

0.7 

0.20976 

0.49620 

0.53292 

0.64094 

0.69062 

0.70674 

0.7142857 

0.8 

0.16765 

0.37906 

0.40544 

0.47618 

0.49709 

0.49970 

0.50000 

0.9 

0.09229 

0.19302 

0.20171 

0.21883 

0.22188 

0.22219 

0.22222 

1 .0 

0 

0 

0 

0 

0 

0 

0 

The  Integral  enthalpy  of  mixing  for  the  system  were  calculated 
from  the  expression: 


All 


=  Xi  Ail 


PbO 


+  X 


2  ^PbCl- 


(16) 


For  the  calculation  the  partial  molar  enthalpies  of  mixing  for 
PbCl  2  were  obtained  from  the*  partial  molar  enthalpies  of  mixing  of 
PbO  using  the  Gibbs-Dubem  relationship. 


The  results  of  these  calculations  are  given  in  Fig.  5.  On 
this  graph  points  are  exper (mental ,  while  the  dotted  line  has  been 
derived  from  equation  (4)  written  in  the  form: 

AH  =  aX ,  AH°  (17) 

m  1  r 

which  represents  the  enthalpy  of  mixing  per  mole  of  solution. 

For  the  calculation  the  degrees  of  reaction,  based  on  reaction 
(12)  for  K  =  10,  have  been  used.  The  value  for  the  AH°  terra  which 
must  be  common  for  all  compositions  is  -13,500  cals. mole 
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Km  r<>pios  of  ml  x i  ni; ,  calculated  t  row  the  enthalpies  cf  mixing 
in.i  the  oirrvsjiondinj',  iilhhs  trot  energies,  are  plotted  in  Fig.  b  as 

•  t  function  oj  compos i t  i on .  Hero  the  solid  line  1  represents  the 

•  ■sporii.ifiti.il  values  for  the  total  Integral  entropy  of  mixing,  while 
1  *>••  points  an-  calculated  from  equation  (5),  as  applied  to  reaction 
(52),  for  K  -  If).  For  tills  m  leu  1  at  ion  the  a- values  that  correspond 
to  K  -  10  and  a  common  value  of  AS  =  -7.3  e.u.  were  found  to  satisfy 
I'te  entire  compos i t i on  range.  Curve  2  in  Fig.  6  represents  only  the 
configurational  component  of  the  total  integral  entropy  of  mixing. 

Considering  the  uncertainty  which  is  always  present  when 
calculating  entropies,  the  agreement  between  the  eperi mental  and  the 
theoretical  entropies  of  mixing  and,  particularly,  the  correct  pre¬ 
diction  of  their  concent ra t ion  dependence,  indicates  the  validity  of 
Mu*  pre-mu  thermodyna.-.i  «*  node  1 . 

KI.KCTK'iLYTIt;  BKHAVI'HR  OK  TMK  Pho-l'hCl  Lis 

Fr.mi  equation  (?.)  and  i's  eqniviletu  tor  PbClp,  it  is  possible 
t>>  f-al/ulate  the  reversible  potentials  for  the  electrochemical 

•  ••par at  i on  «*»  Pb  and  n  ,  or  of  Ph  and  Cl  from  a  molten  solution  of 
I'1  ■  ind  PbC  1  . 

¥  <r  the  reactions: 


(■!),  +  c  ;  , 


n’l-ci), 


hi,.  +  1/2%.  1  at)  *  <Pb'° 


In  solution 


<!*) 


(19) 


the  r  _■  v.  r  ■■  i  hi  •?  electrode  potentials  at  850~K  and  at  102  3°K,  respec¬ 
tively,  wer.  calculated  using  the  previously  derived  activity  values, 
and  the  standard  potentials  given  in  Table  2. 


The  results  of  these  calculations  are  plotted  in  Fig.  7. 
iJerause  of  the  wide  potential  separation,  the  electrolysis  of 
PV.-pbCl;  are  almost  independent  of  melt  -ompos  i  t  i  3:i  and  con¬ 
sequently,  lead  chloride  melts  may  be  do-oxygenated  bv  pre- 
e  leer  rolys  i  •=  . 


i<  a  i'Vi  dissolved  in  a  FbClj  solvent  is 
«!  i  nd  auniR  product*  4-ad  and  oxygen, 

l'li.-  Hi  r  •  :  1  .  .  i r:  :  s  .  ..!  !'•  I'1.  •- I'M.' 1  _■  I  t  e.i  __f.it  i.-n. 

■••>•«••  .’r'  •  it  I  i  vi.it  1  •;.•.  :  •  •  !  1  !  •  y  Indicate 

•;  f  r  ''Id  I1'!  •■ !  Ii  [  loll..  '.»■  W .  :  !  ; .  :  ;  ^  I  ;i  ••  .  I  i:  t  l  'n  .  In 


Fused  s.i'»  _  el.-  r  rol  y; 

r-s|-  '  1  ' 
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explain  this  behaviour  and  to  predict  the  concent  rat  Ion  dependence  of 
the  activities  of  PbO  and  of  PbCl.2  of  the  enthalpies  and  of  the 
entropies  of  mixing,  a  thermodynamic  model  based  on  the  presence  of 
strong  complex  oxychloride  species  has  been  developed.  In  this  model 
the  concentration  dependence  of  the  activities  at  each  temperature 
requires  the  equilibrium  constant  K  as  the  only  adjustable  parameter. 
The  concent  rat  ion  dependence  of  the  enthalpy  of  mixing  is  predicted 
from  equation  (17)  in  which  the  only  other  adjustable  parameter  is 
the  term  AH6,  which,  however,  is  constant  over  the  entire  composition 
range.  The  calculation  of  the  entropies  of  mixing  does  not  require 
any  other  adjustable  parameters.  K  and  ASC  are  related  by  equation 
(7)  and  AS"  cannot  be  adjusted  independently. 

It  is  shown  thaL  in  non-ideal  solutions  the  activity  of  any 
component  A^B^  expressed  by  the  simple  relationship: 


A  B 


„y 


B  ^equilibrium 


In  this  expression  N  +  and  N  -  are  the  respective  cation  and  anion 
fractions  in  a  solution  which  has  the  ionic  composition  corresponding 
to  a  specific  reaction  mechanism  at  equilibrium. 

Thus  Terakin's  rule  (16)  is  of  general  validity  to  idea  1  and 
non- idea  1  solutions,  providing  that  the  correct  reaction  mechanism 
and  dissociation  schemes  are  formulated. 

In  this  treatment  non-ideality  is  attributed  to  changes  in  the 
composition  of  a  solution  as  the  result  of  complex  forming  reactions. 
The  theory  does  not  account  for  secondary  interactions  between  the 
reaction  products.  Equilibrium  ion  fractions  of  the  assumed  ionic 
forms  are  used  throughout,  the  basic  assumption  being  that  the  reac- 
tiviv;  of  the  simple  ionic  species  like  Pb2  ,  O2  or  Cl  has  been 
satisfied  through  the  formation  of  the  complex  and  that  all  other 
Interactions  are  not  too  significant. 


Under  such  circumstances,  the  equilibrium  constant  K  is 
expected  to  be  composition  independent  and  to  depend  only  on  tem¬ 
perature  over  the  composition  range  within  which  the  above  assump¬ 
tions  are  valid. 
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MOLE  FRACTION  OF  PbO 


Flj',.  4.  Activity  isotherms  for  PbO  and  PbCl  2  at  1023°K 
and  U23°K,  respectively.  Points  (circles  and 
triangles)  are  from  experimental  work.  Solid 
lines  are  calculated  from  equations  (10)  and 
(tl).  x’s  are  e*p****i rnent al  activiry  data  for 
PbO  reported  by  Sugawara  et  al.  (4)* 


h8 


k  cal  mole 


MOLE  FRACTION  OF  PbO 


Fig.  5.  Plot  of  the  Integral  heat  of  mixing  as  a 

function  of  the  PbO  mole  fraction  in  the  PbO- 
PbCl2  melts.  Dotted  line  has  been  calculated 
from  equation  (17)  for  K  =  10. 
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cal  degree  mole 


MOLE  FRACTION  OF  PbO 


>*.  b.  Integral  molar  entropies  of  mixing  plotted  as  a 
function  of  the  PbO  content  in  the  PbO-PbCi 2 
melts.  Solid  line  represents  the  total  entropy 
calculated  from  equation  (5)  for  K  *  10.  Points 
are  from  the  experimental  results.  Dotted  line 
represents  the  configurational  component  of  the 
total  entropy* 


Fit!-  ?•  Keversibie  decomposition  potentials  for  PbO  and 

i’bCl2  in  the  PbO-PbCl2  melts  at  S'oO°K  and  1023°K, 
respectively. 
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CONDENSED  AND  GASEOUS  PRODUCTS  CHEMISTRY  IN  THE 


COMBUSTION  AND  GASIFICATION  OF  HIGH-SULFUR  COAL 
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Argoiine  National  Laboratory 
9700  South  Cass  Avenue 
Argonne.  IL  60439 

ABSTRACT 

A  recently  developed  computer  program,  based  on  geometric  pro¬ 
gramming,  is  used  to  calculate  condensed  and  gaseous  products  chem¬ 
istry  in  the  combustion  or  conversion  of  high-sulfur  Illinois  *  G  coal. 
Under  30 Vt  air-excess  and  30c7  air-deficient  conditions,  product  chem¬ 
istries  were  calculated  as  a  function  of  temperature.  For  the  tempera¬ 
ture  ranges  of  1800-1100  K,  condensed  phases  are  saturated  with  solid 
silica,  and  the  major  "Na"  and  “Cl”  bearing  gaseous  species  are  NaCl 
and  HO.  The  concentration  of  sulfates  (under  oxidizing  conditions)  or 
sulfides  (under  reducing  conditions)  in  the  silica-saturated  molten  sil¬ 
icate  solutions  increases  progressively  with  a  decrease  in  temperature. 
The  liquid  condensates  appear  to  be  more  complex  than  believed,  and 
“hot  corrosion”  by  silicates  could  be  important. 


INTRODUCTION 

Combustion  and  gasification  of  coal  is  of  considerable  importance  in  industrial 
power  generation.  The  presence  of  elements,  such  as,  for  example,  S.  Na.  and  Cl. 
in  relatively  small  amounts  in  coal,  often  leads  to  the  formation  of  thin  layers 
of  molten  condensates,  and  results  in  accelerated  deterioration  of  downstream 
components  in  these  industrial  processes. 

borne  experimental  studies  of  the  chemistry  of  these  industrial  processes  are 
available.  Unfortunately,  the  global  chemistry  of  all  the  gaseous  and  condensed 
products  are  not  available  because  of  the  difficulties  inherent  in  performing  calcu¬ 
lations  in  very  complex  systems.  Comprehensive  understanding  of  all  the  chem¬ 
istry  is  essential  in  order  to  explain  and  predict  the  corrosive  behavior  of  the 
combustion  and  gasification  products.  The  present  work  describes  the  methods 
wo  are  developing  to  calculate  the  total  chemistry  of  coal  combustion  and  gasifi 
cation  systems. 
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Typically,  in  such  systems,  one  must  consider  a  large  number  of  elements,  13- 
15,  which  form  as  many  as  300-500  species  distributed  between  several  condensed 
phases  and  a  gaseous  phase.  Furthermore,  nonequilibrium  conditions  are  possible 
due  to  kinetic  factors.  Treatment  of  such  a  complex  system  poses  many  difficulties 
for  researchers  of  this  area. 

In  the  present  work,  we  shall  discuss  the  use  of  a  recently  developed  com¬ 
puter  program,  based  on  geometric  programming,  to  calculate  the  chemistry  of 
this  system.  This  program  is  capable  of  handling  up  to  300  species,  including  150 
condensed  phases  and  several  solution  phases.  As  a  first  approximation  in  this 
initial  paper,  the  solution  phase  will  be  assumed  to  be  ideal  and.  fortuitously,  the 
condensed  phase  constituents  can  be  chosen  in  a  manner  which  makes  this  a  rea¬ 
sonable  approximation.  We  shall  calculate  the  composition  of  all  the  equilibrium 
products  as  a  function  of  temperature  for  the  temperature  range  of  1800-1100  K 
(1527-827',C).  In  addition,  we  shall  incorporate  an  expected  nonequilibrium  con¬ 
dition  to  illustrate  the  feasibility  of  using  such  options  in  our  methods.  Results 
are  presented  as  a  function  of  decreasing  temperature  to  simulate  the  condition 
in  which  the  hot  combustion  or  gasification  products  are  cooling  as  they  pass 
through  downstream  components  away  from  the  hot  zone. 

CALCULATION  A  L  PLAN 

The  computer  program  is  based  on  an  unique  algorithm  which  utilizes  geo¬ 
metric  programming  (1).  The  program  is  linked  to  a  critically  analyzed  data  base 
consisting  of  the  thermodynamic  properties  of  about  1800  species  (2).  We  shall 
not  describe  the  details  here  because  of  space  limitations,  but  the  program  is 
capable  of  handling  large  chemical  systems. 

To  illustrate  our  method,  high-sulfur  Illinois  =6  coal  was  chosen  for  the 
present  work.  Table  1  gives  the  composition  of  this  coal  which  has  3.41  wt1^  S.  The 
theoretical  oxygen  requirement  for  combustion  is  t he  amount  of  oxygen  required 
to  convert  the  carbon,  sulfur,  and  hydrogen  to  carbon-dioxide,  sulfur-dioxide,  and 
water,  respectively,  minus  the  free  oxygen  present  in  coal.  In  our  calculations. 
30cx  excess  and  30°!  deficient  (>2  as  dry  air  is  supplied  to  deduce  the  chemistries 
for  oxidizing  and  reducing  conditions,  respectively.  Table  2  shows  the  selected 
species  in  the  solution  phases  under  oxidizing  and  reducing  conditions.  These 
solution  phases  are  chosen  by  performing  several  trial  ealeu  ations.  with  several 
possible  combinations  of  components  of  solution  phases,  based  on  a  knowledge 
of  solution  chemistry  and  the  tendency  of  components  to  form.  Ideal  solutions 
are  assumed  for  the  present  illustrative  calculations.  Solution  components  wore 
chosen  in  a  manner  which  best  illustrates  the  chemical  properties  and  simultane¬ 
ously  formed  solutions  that  do  not  deviate  greatly  from  ideality.  This  procedure 
was  a  reasonably  good  approximation  for  most  of  the  temperatures  for  which  wo 


performed  calculations.  Nonideality  of  the  solutions  will  be  considered  in  future 
work. 


RESULTS  AND  DISCUSSIONS 

Oxidizing  Conditions:  Figures  1  and  2  and  Table  3  show  the  results  for 
oxidizing  conditions.  Of  the  120  gaseous  species  in  the  results  of  these  calcula¬ 
tions,  only  the  most  important  species  are  shown  in  Figure  1.  Under  equilibrium 
conditions,  very  sharp  changes  in  the  partial  pressures  of  several  species  occur 
around  1390  K  in  Figure  1  (continuous  lines  ).  This  is  the  temperature  where  the 
glassy  Ai203-Na20-6Si02(s)  forms  by  reaction  of  solids  with  the  solution  phase. 
Figure  2  shows  that  the  solution  phase  disappears  at  this  temperature  (at  about 
1390  K)  and  Na2SO.i(s)  or  an  Na2SC>4  rich  liquid  solution  does  not  form  under 
equilibrium  conditions  to  temperatures  as  low  as  1100  K  (Table  3).  However,  in 
real  systems  the  formation  of  glassy  A^OsNazOOSiC^s)  from  two  or  more  con¬ 
densed  phases  is  probably  very  slow  because  the  two  phases  have  to  be  in  contact 
to  react.  Hence  calculations  were  repeated  for  the  non-equilibrium  case  where 
the  glassy  Al20.vXajO-6Si02(s)  does  not  form.  Such  a  case  simulates  one  kinetic 
constraint  in  a  realistic  practical  environment.  Figure  2  shows  that,  under  this 
constraint,  the  corrosive  solution  phase  extends  to  temperatures  as  low  as  1 1  GO  K. 

The  major  gaseous  carriers  of  sodium  and  chlorine  are  NaCl  and  H('l  under 
all  conditions  (Figure  1).  Under  nonequilibrium  conditions,  the  concentration  of 
NaCl(g)  below  1390  K  is  higher  than  those  under  equilibrium  conditions.  The 
relative  concentrations  of  Na20-2Si02(I)  and  Xa2SO,|(I)  in  the  solution  phase 
(Figure  2)  vary  drastically  as  the  temperature  of  the  solution  phase  changes  from 
1800  K  to  1100  K.  The  solution  is  high  in  Na20-2Si02(l)  and  'FcO-SiO'2(l)  above 
1000  K:  at  1250  K  the  solution  phase  is  largely  Na2SO,|(l).  Within  the  temperature 
range  of  1600  K  to  1160  K  (under  nonequilibrium  conditions),  the  concentration 
of  Na2SO.((l)  increases  from  a  mole  fraction  of  less  than  0.01  to  almost  1,  with  a 
corresponding  decrease  of  Na20-2Si02(l)  to  less  than  0.01.  The  concentration  of 
NaCI(l)  stays  around  0.001  below  1350  K.  It  may  be  noted  that  the  condensed 
phases  are  saturated  with  Si02(s)  at  all  temperatures.  Because  of  the  assumption 
of  ideal  solution  of  species  in  the  solution  phase,  the  exact  values  of  concentrations 
in  the  real  nonidcal  solution  phase  is  likely  to  be  somewhat  different.  The  con¬ 
centrations  are  least  accurate  from  about  1350-1500  K  because  of  the  deviations 
from  ideality  expected.  However,  the  general  nature  of  results  at  the  temperatures 
where  Na20-2Si02(l)  or  Na2SO.|(l)  is  in  dilute  solution  will  be  very  similar  in  both 
idea!  and  nonideal  solution  phases.  Consequently,  the  general  pattern  of  varia¬ 
tions  in  the  concentrations  of  silicates  and  sulfates  as  a  function  of  temperature 
will  be  similar  to  Figure  2  in  practical  cases. 


These  results  present  an  approximate,  but  general,  behav  ior  of  solution  phases 
under  oxidizing  conditions;  the  solution  phase  becomes  progressively  more  con¬ 
centrated  in  Na2SO.i(l)  as  the  temperature  of  the  gaseous  and  condensed  phase 
decreases  from  1800  K  (1323°C)  to  around  1200  K  (923“C).  The  compositional 
changes  reflect  differences  in  the  corrosive  behavior.  The  silicate  liquid  may  be 
even  more  corrosive  than  sulfates  because  of  the  high  temperatures  and  because 
the  solubility  of  protective  oxide  coatings  of  metals  of  construction  in  combustion 
systems  is  likely  to  be  higher  in  silicates  than  in  sulfates.  Our  results  make  it 
clear  that  for  coal  combustion,  the  corrosive  liquids  are  not  just  simple  sulfates, 
but  are  much  more  complex  liquids  than  have  been  considered  heretofore. 

Reducing  Conditions.  Results  of  calculations  under  reducing  conditions 
are  presented  in  Figure  3  and  Table  4.  Again,  only  the  most  important  gaseou- 
species  are  shown  in  Figure  3.  Calculations  are  repeated  for  nonequilibrium  condi¬ 
tions  where  the  glassy  Al20;j-Na20-6Si02(s)  is  not  allowed  to  form  below  1390  K. 

The  condensed  phases  are  saturated  with  Si02(s)  at  all  temperatures  (Ta¬ 
ble  4).  The  partial  pressure  of  NaCl(g)  in  the  gaseous  phases  at  1100  K  (923  C! 
is  almost  one  order  of  magnitude  higher  under  reducing  conditions  (Figure  31 
than  for  oxidizing  conditions  (Figure  1).  At,  high  temperatures  the  solution  phasi 
is  largely  'FeO-SiOj(l)  and  Na20-2Si02(l)  and  is  largely  FeS(l)  at  low  tempera¬ 
tures.  Considerable  amounts  of  S  as  FeS (1  j  or  Na2S(l)  are  present  in  the  liquid 
phase  at  all  temperatures.  The  concentration  of  S  bearing  species  under  reduc¬ 
ing  conditions  in  the  solution  phase  is  much  higher  (0.1  at  1800  K)  than  the  S 
bearing  species  Na2SO^(l)  (less  than  0.001  at  1800  K)  under  oxidizing  conditions. 
At  1300  K,  the  concentration  of  S  as  FeS(l)  in  the  solution  phase  is  0.33  under 
nonequilibrium  conditions.  For  1800-1400  K.  the  concentration  of  "Fe"  in  the 
solution  phase  increases  with  a  decrease  in  temperatures.  The  solution  phase  is 
present  below  1100  K  (923  C)  under  nonequilibrium  conditions,  and  even  under 
equilibrium  conditions,  the  solution  phase  exists  down  to  temperatures  as  low  as 
1260  K  (987SG). 


SUMMARY  AND  CONCLUSIONS 

Corrosive  molten  condensates  from  the  combustion  of  coal  under  oxidizing 
conditions  are  much  more  complex  than  has  been  considered  previously.  Mix)  tires 
of  silicates  and  sulfates  are  probable;  these  could  be  more  corrosive  than  sulfates. 
Under  reducing  conditions,  molten  sulfides  appear  to  be  present  down  t<  very 
low  temperatures.  Such  chemistries  would  have  to  be  dealt  with  in  coal  conver¬ 
sion  processes.  Thus,  our  preliminary  calculations  provide  us  with  the  ability  to 
calculate  the  global  chemistry  in  the  oxidation  of  coal.  Further  work,  which  ac¬ 
curately  represents  the  complex  nonideal  solutions,  which  includes  silicates,  and 


which  incorporates  kinetic  effects  on  the  chemistry  will  greatly  enuance  our  abil¬ 
ity  to  analyze  the  global  chemistry  in  coal  combustion  and  conversion  and  aid  in 
developing  methods  for  minimizing  corrosion. 
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Table  1.  The  Composition  of  High  Sulfur  Illinois  #6  Coal 
Used  For  the  Present  Work 


Wt  % 

Ash 

c 

60.15 

Si02 

45.57 

H 

4.25 

Fe203 

15.80 

N 

0.97 

A1203 

17.99 

S 

3.41 

CaO 

6.88 

Cl 

0.05 

MgO 

1.09 

h2o 

10.54 

so3 

4.22 

o 

7.33 

Na20 

4.84 

Ash 

13.30 

Table  2.  The  Solution  Phases  for  the  Oxidizing  and  Reducing  Conditions 

Solution  Phase  for 

Oxiding  Conditions 

Solution  Phase  for 

Reducing  Conditions 

1. 

Na20-2Si02(l) 

1.  Na20-2Si02(l) 

2. 

i\a2SO„(l) 

2.  *\;gO-Si02(l) 

3. 

NaCl(l) 

2.  'FcO-SiO'2(l) 

4. 

Na2S(l) 

4.  Na2S(l)  or  FeS(l) 

5. 

'FeO-SiO'2(l) 
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Table  3.  Approximate  Amounts  and  Temperature  Ranges  of  Stability  of 
Solid  Condensed  Phases  Under  Oxidizing  Conditions* 


1800  K 

1400  K 

1100  K 

Si02(s) 

75.0 

68.5 

52.7 

52.2 

Al203  Na2  0'6Si02(s) 

1.7 

0 

Na-S04(s) 

0 

7.4 

Ai203-2Ca0-Si02(s) 

8.1 

8.3 

CaSO.|(s) 

13.3 

11.4 

Al203  Si02(s) 

17.9 

16  7 

3Al203-2Si02(s) 

3.9 

5.4 

Al203-Mg0(s) 

4.2 

MgO-Si02(s) 

4.2 

3.4 

2.9 

Fe304(s) 

8.8 

Fe203(s) 

13.6 

11.0 

9.4 

'The  numerical  values  are  %  moles  of  the  corresponding  species  in  the  mixture  of 
all  the  condensed  phases  excluding  the  solution  phase.  Equilibrium  and  nonequi- 
librium  (see  text)  values  at  1100  K  are  above  and  below  the  lines,  respectively. 
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Table  4. 


Approximate  Amounts  and  Temperature  Ranges  of  Stability  of 
Solid  Condensed  Phases  Under  Reducing  Conditions’ 


1800  K 

1400  K 

1100  K 

Si02(s) 

77.0 

79.2 

28.5 

56.2 

Al203-Na20-6Si02(s) 

13.7 

6 

FeS(s) 

35.0 

15.2 

Al2Os-Si02(s) 

6.8 

17.0 

3Al203-2Si02(s) 

9.0 

8.2 

Al203'2Ca0Si02(s) 

14.0 

12.6 

10.6 

8.8 

MgOSi02(s) 

__5JL 

2.8 

Al203-Fe0(s) 


’The  numerical  values  are  %  moles  of  the  corresponding  species  in  the  mixture  of 
all  the  condensed  phases  excluding  the  solution  phase.  Equilibrium  and  nonequi¬ 
librium  (see  text)  values  at  1100  K  are  above  and  below  the  lines,  respectively. 
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V 


TEMPERATURE  (K) 


Figure  1.  Partial  Pressures  of  Important  Gaseous  Species  During  the  Combus¬ 
tion  of  Illinois  #6  Coal.  30%  Fxress  Oxygen  is  Used  for  the  Combus¬ 
tion. 


Temperature,(K) 


Figure  2.  Composition  of  the  Solution  Phase  Under  Oxidizing  Conditions.  Con¬ 
tinuous  Line  ( — -)  and  the  Dotted  Lines  {-  -  -)  Represent  the  Compo¬ 
sitions  Corresponding  to  Equilibrium  and  Nonequilibrium  Conditions, 
Respectively.  The  Concentration  of  Na2S(l)  is  Less  Than  10~8  at  All 
Temperatures. 
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Figure  3.  Partial  Pressures  of  Important  Gaseous  Species  During  the  Gasifica¬ 
tion  of  Illinois  #6  Coal.  30%  Deficient  Oxygen  is  Used  in  This  Case. 
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FREEZING  TEMPERATURE  LOWERING  OF  A  TO  7 
COMPONENT  MOLTEN  SALT  MIXTURES 
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Wayne  E.  Wentworth 
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ABSTRACT 

Research  was  conducted  to  find  molten  salt  mixtures, 
compatible  with  alkali  metal  sulfates,  as  media  for  ammon¬ 
ium  hydrogen  sulfate  reactions.  Mixtures  of  mono-  and  di¬ 
valent  metal  sulfates  having  freezing  temperatures  of  S50  k 
were  sought,  pure  sulfates  melt  at  1000  to  1300  K.  Nine 
divalent  metal  sulfates  with  three  alkali  metal  sulfates 
were  used. 

For  interpretation  of  experimental  data  a  thermodynamic 
model  was  developed,  the  key  parameter  being  the  "excess 
ont"ony-cnthalpy  function",  positive  values  of  the  excess 
function  produce  greatest  effect.  Results  gave  for  4- 
components  040  K;  for  5-components  631  K;  for  6-componcnts 
596  K;  and  7-components  593  K. 


INTRODUCTION 

The  Ammonium-llydrogen-Sulfate  (Alls)  energy  storage  cycle  was  pro¬ 
posed  11  years  ago  by  Wentworth  and  Chen  (1),  followed  by  process  con¬ 
figurations  proposed  by  Prengle  and  coworkers  (2,3).  The  duplex  modi¬ 
fication  of  the  cycle  proposed  by  Prengle  in  1984  is  based  on  conduct¬ 
ing  the  two  endothermic  chemical  reactions  (4)  in  a  compatible  molten 
salt  (CMS)  mixture.  The  first  reaction  (450-600  K)  produces  Nils,  1 1 2  0 , 
and  S2O7  2  by  reaction  of  ammonium  hydrogen  sulfate  with  an  alkali 
metal  sulfate,  and  the  second  (650-950  K)  produces  SOa  by  decomposition 
of  the  pyrosulfate.  The  duplex  version  of  the  cycle  contemplates  using 
the  sensible  energy  in  the  excess  CMS  immediately;  whereas  the  exo¬ 
thermic  recombination  of  the  three  product  molecules  would  he  accom¬ 
plished  for  later  use  of  the  stored  energy. 

Tlie  research  described  in  this  paper  concerns  the  search  for  CMS 
mixtures  of  alkali  metal,  alkaline  earth,  and  transition  metal  sulfates 
which  could  be  used  as  reaction  media  for  the  two  reaction  steps  men¬ 
tioned  above.  Specifically,  the  objective  of  the  work  was  to  discover 
mixtures  of  mono-  and  divalent  metal  sulfates  with  freezing  tempera¬ 
tures  of  Aj  550  K,  a  significant  lowering  as  the  pure  components  melt 
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in  the  range  of  1000-1300  K. 


LITERATURE  SEARCH 

Data  on  thirty-two  sulfate  eutectic  mixtures  were  obtained  from 
the  literature  (5,6,7),  including  the  alkali  metal  components  Li,  Na , 

K,  the  alkaline  earths  Mg,  Ca,  Ba,  and  the  transition  metals  Zn,  Cu, 

Cd,  Pb,  Co  and  Mn.  It  was  hoped  that  some  preliminary  answers  would 
be  revealed  to  the  three  questions:  -the  possible  amount  of  freezing 
temperature  lowering,  -the  effect  of  specific  metal  ions,  and  -the 
number  required  to  get  500-600  degree  lowering. 

By  analogy  with  the  thermodynamic  mixing  property,  a  preliminary 
lowering  criterion  can  be  defined.  For  example,  for  a  local  minimum 
enthalpy,  the  mixing  property,  AHM,  will  be, 

AHM  =  Z  X.(H.  -  11.)  (1) 

where  Xj ,  11^,  H.. ,  are  the  mole  fraction,  partial  mole  enthalpy,  and 
pure  component  enthalpy  respectively.  Similarly,  for  a  molten  salt 
eutectic  mixture  freezing  temperature  will  be, 

ATf  =  Z  X.(Tf  -  Tf.)  (2) 

and,  Z  X.(Tf  -  Tf.)/  ATf  =  Z  X.£.  =  1  (3) 

each  term  in  the  series  representing  the  fraction  lowering,  ,  of  the 
freezing  temperature  for  a  given  component.  Using  this  method  of 
analysis,  Table  1  presents  the  results  for  mixtures  of  alkali  metal  and 
alkaline  earth  sulfates,  indicating  that  in  a  preliminary  way  Li+  had 
the  greatest  effect,  K+  was  next  highest,  and  Na+  and  Ba+2  were  lowest. 

The  remaining  eighteen  mixtures  of  alkali  metal  sulfates  with 
Group  IB,  1 1 B  and  VIB,  V 1 1 B  and  VIII  were  analyzed  similarly.  As  a 
preliminary  guide  to  further  experimental  work,  the  final  ranking  of 
the  components,  based  on  all  thirty-two  mixtures,  in  descending  order 
with  some  overlap  was, 

C(Li)>5(K)>C(Zn)>C(Mg) 

CCPb)  >  C(Cd)  >  C(Ca)  >  £(Na)  >  C(Ba) 

5(Cu)  >  £(Co)  s  £(Mn) 
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Contributions  of  Alkali  Metal  and  Alkaline  Earths 


Table  1  -  £. 


Mixture 

saaii 

£cC« 

Ed(Kg) 

£e(c») 

tfCBa) 

LI 

0.636 

0.364 

- 

- 

- 

- 

12 

0.748 

- 

0.2523 

- 

- 

- 

15 

- 

0.345 

0.655 

- 

- 

- 

IA 

0.744 

0.084 

0.172 

- 

“ 

- 

Conclusion: 

‘«b 

L12 

_ 

0.623 

0.377 

. 

L8 

- 

- 

0.482 

- 

0.518 

- 

L7 

- 

- 

0.520 

- 

- 

0.480 

L20 

0.657 

- 

- 

0.343 

- 

- 

117 

0.687 

- 

- 

- 

0.313 

- 

L16 

0.502 

- 

• 

- 

- 

0.498 

128 

- 

- 

0.483 

- 

0.392 

0.125 

L30 

- 

- 

0.166 

0.748 

0.066 

- 

L29 

- 

0.2S5 

- 

- 

0.585 

0.160 

L32 

- 

0.320 

0.334 

0.342 

- 

' 

Conclusion: 

e  >  e 

a  *c 

>  £d  > 

*  £b  2 

EXPERIMENTAL 

The  search  to  find  the  desired  5S0  K  freezing  temperature  mix- 
ture(s)  resulted  in  measurements  on  45  four-seven  component  mixtures 
of  Li  +  ,  Na+,  K+  sulfates  with  Mg*2,  Ca+2,  Ba+2  alkaline  earth  sulfates, 
ar  '  seven  transition  metal  sulfates,  Cd  ,  Co+2  ,  Cr+2 ,  Cu+2  ,  Mn+2  , 

Pbr2,  and  Zn+2 .  The  sulfates  used  were  reagent  grade  of  99+%  purity. 
Mixtures  of  known  composition  were  made  up,  melted,  and  held  in  liquid 
phases  for  n,  12  hours  to  insure  ionic  equilibrium,  prior  to  determin¬ 
ation  of  the  cooling  curve  by  electrical  conductivity. 

Figure  1  displays  a  typical  conducti vity-temperature  plot,  as  X 
vs.  1/T,  indicating  an  observed  hysteresis  cooling-heating  curve. 

Since  primary  interest  is  in  the  occurrenceof  solidification  from  the 
liquid  phase,  the  values  of  Tp  and  T-  were  taken  as  more  meaningful  to 
the  objectives  of  the  project.  Simultaneously  the  cooling  curve  deriv¬ 
ative  was  determined  and  recorded  electronically,  displayed  in  Figure 
2,  permitting  a  more  precise  determination  of  the  difference  AT=TQ-T^. 
This  difference  was  used  as  a  guide  for  successive  estimation  of  new 
compositions  closer  to  the  eutectic  point.  Details  of  the  equipment 
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used  are  pres  'nted  by  Shah  (81  . 


Tf-  LOWER  TNG  MODEL 

As  the  experimental  work  progressed  it  was  apparent  that  a  model 
for  calculation  of  the  excess  entropy  and  enthalpy  was  needed  to  guide 
the  composition  choices,  a  criterion  more  precise  than  the  ordering. 

Consider  the  T-S  loop  cycle  shown  in  Figure  3,  starting  with  the  pure 
components  in  the  solid  phase  of  a  eutectic  mixture.  As  the  solid 
pnasc  is  heterogeneous  a  generalized  composition  dependent  structure 
is  not  possible;  inst  id  the  pure  components  were  chosen  arbitrarily 
as  the  starting  point.  Progressing  around  the  cycle,  points  1  to  4, 
the  sun  of  the  entropy  terms  and  the  corresponding  enthalpy  terms,  arc 
given  by, 

*  T 

r  x.c  .Ch  I-  ♦  as*  ♦  as*1  +  :  x.c  ,.?«  4  -  t. s„  =  o  (4ai 

i  l  pc i  m  L  ,i  pl.t  m 


E  X.C  .  (T  -  T,) 
i  ‘  pci1 


n!  +  ■:  x.c  n-  -  t*i  - 

(.  j  i  phi  f 


where  AS  =  l  X./AS  .  ,  AH  =•  ."  X.  Ml 

m  l  mi  m  1  mi 

for  AS  and  All  gives, 
m  m 


and  T  =  AH  /  AS 
m  m 


So  1  vi ng 


AVat  V  =  “1 +  <  f  “VeH  rf  fJo> 

Al'm(at  Tf)  =  Alf  *  Ilf  *  <ACp>(T*  -  Tfl  (4d) 

where,  <AC  >  X.C  .  -  A  X.C  the  difference  between  the  ervstai 
p  i  pci  i  pLi 

and  liquid  heat  capacities.  Combining  by  Tj-ASm  -  AH^  gives, 

T-AS*  +  TJAS^'  *  T  <AC  >tn  4  =  All*  *  H1/  ♦  <AC  >(T*  -  T-A  (3a) 
f  m  f  I,  f  p  Tf  ml  p  f 

The  two  heat  capacity  terms  can  be  combined,  letting 

g  =  Tj.<AC  >(n  ~  -  <AC  >  (T  V  -r 

f  p  Tf  p  T7 -  Tf 

T  <■  AT  T  ....  T 

=  T  <AC  - )  -  ( — f-y  1 ] 

1  f  f 

=  W[r"  (1  +  ^  1  -  T7  1  (r,bl 

also  letting,  y  E  ;  g  =  T  <AC  >[fn(l  +  v)  -  v|;  y  -  0.10  to  0.50, 

‘  f  r  P 


in  (1  +  y)  -  y  ~y  -  ay2  -  y  = 
where  a  =  0.422  *0.037,  and  g  =  -ay2<AC 


-ay  =  -a  (- 


8b 


Substituting  into  5a  and  solving  for  Tf  gives, 

T  = _ <  c  -  »l  •'  K 1 

f  ’  K  [1  +  77  (Asl  -  a>'*<V)1 

m 

Letting  u,  -  il'.VAII*  ;  u,  =  [As“  -  a(-M-)*<AC  >]  /  AS* 

L  m  L  I  p  m 

then,  Tj.  =  All  f  1  +  ui)/AS  (1  +  uj)  =  T  (1  +  ujl/'fl  +  u2  J  =  T  5 

*  f 

or,  0  =  —  =  ( 1+ui )/ ( 1+u? )  =  1  +  ui  -  U2  +  (higher  order  terms] 

T  t 

The  quantity  of  interest  is  the  fraction  depression  of  T  ,  called 
'i  =  fl-01.  \'cg’ acting  the  higher  order  terms  gives. 


1  u?  -  Ui  =  -i-j-  -  av1  <f.C  ')  -  Ilf  /  All*  (ha) 

,,,*  l.  p  I-  m 

n 

Inserting  die  ideal  entropy  of  mixing  and  the  excess  entropy,  y!  in 
terms  of  and  defining  5  (Sj-  -  ilj/T'1  gives  the  model  equation. 


X.fnX.1  *  t'/AS*  -  nf-f-ii — ) 
i  i  m  1  -  m 


<AC  >/AS 

p  m 


(6b) 


The  magnitude  of  the  excess  property  function,  <1  ‘ ,  being  determined 
primarily  by  the  liquid  phase  excess  entropy,  which  can  be  positive  or 
negative  depending  on  the  liquid  phase  molecular  configuration,  for  a 
given  experimental  mixture,  knowing  u,  <AC  > ,  and  AS*,  the  value  of 
the  excess  function  can  be  obtained,  1  1 


:r  =  *  R:;  V"xi  *  afrr-s’2<V  ((1C1 

It  is  obv’ous  that  a  positive  excess  function  is  desirable  to  obtain 
larger  a- values. 


THU  ('ORRI: l.ATIO  i  PAIR 

As  a  consequence  of  the  model,  combined  with  a  Scatchard  function, 
a  correlation  pair  results  for  the  freezing  temperature  lowering  ns  a 
function  of  the  thermodynamic  variables.  Examination  of  the  x- 
function  (lion.  6b)  indicates  that  it  is  a  cubic- in-o  for  which  the 
real  root  0<cx<l  is  desired,  and  in  this  region  can  be  represented  by  a 
quadratic  rather  than  a  cubic.  Defining, 

w  "  AS  /<AC  >,  and  -  =  -  RZ  X .  £nX .  ) /AS*  (?a, 

m  p  i  i  m 

followed  by  mathematical  simplification  of  6b  leads  to  the  dimension¬ 
less  form, 
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a  =  7(zw)*V9  -  w/6  (7b) 

or  the  linearized  form, 

a/w  =  7(z/w)!'2/9  -  1/6  (7c) 

£ 

Neither  equations  6c  or  7a, b  are  predictive  of  $  ,  both  requiring 
experimental  data;  however,  once  a  few  values  of  the  excess  function 
are  known  as  a  function  of  composition  for  a  particular  group  of 
mixtures,  a  pseudo-binary  Scatchard  (9)  function  can  be  used  to 
correlate  the  values, 

=  X  [  X A  q  1 1  *  a,(Xi  -  X,)  +  a  2  ( X  j  -  X2)2  +  ...|  (7d) 

liquations  7a  or  b  and  7d  constitute  the  correlation  pair  of  equations. 

for  the  case  of  sulfate  mixtures,  Xi  and  were  taken  as  X  and  X 

in  u 

the  mole  fractions  of  the  mono-  and  divalent  metal  sul fates ' respec- 
t ively. 


RfSIll.TS 

Using  model  equation  6c ,  values  of  the  excess  function  were  cal¬ 
culated  for  the  thirty-two  literature  and  the  forty-five  experimental 
mixtures,  lor  the  divalent  metals  with  alkali  metal  sulfates,  some 
gave  positive  values  others  negative  values  as  indicated, 

positive  values  negative  values 

barium  75*  cadmium  78' 

calcium  of  all  cobalt  of  all 

lead  positive  copper  negative 

zinc  values  magnesium  values 

manganese 

A  test  of  the  i-correlat  ion  is  presented  as  figure  4  for  the  liter¬ 
ature  plus  experimental  mixtures  with  positive  excess  function  values. 
The  computer  generated  curve  as  f(zw)  gives  a  very  good  fit,  r=0.ilS5. 

The  positive  ^-values  were  correlated  as  suggested  by  a  Scatchard 
function  giving, 

>,l;(.l/gmol  K)  =  AoXmXd[l  v  a,(Xm  -  Xd)  ♦  a2(Xm  -  Xj)2] 

-  3-061Vd[l  *  1 .559(Xm  -  Xd)  +  16.99(Xra  -  X^)2)  (8a) 

(r  =  0.990) 

I’lots  of  /X  X,  vs.  (X  -X,)  and  ■£  '  vs.  X  are  shown  as  figures 
m  d  m  d  m 

5a, h,  the  latter  plot  indicating  that  greatest  temperature  lowering 
should  occur  in  the  vicinity  of  X  =  0.70  and  0.80. 


As  regards  our  experimentally  measured  freezing  temperatures,  two 


ternary  mixtures  reported  in  the  literature  (4,6)  served  as  the  lowest 
temperature  starting  point:  1)  -an  alkali  metal  sulfate  mixture, 

X ( L i )  0.780,  X(Na)  0.085,  X(K)  0.155,  Tf  =  785  K;  and  2)  -a  mixture 
with  zinc  sulfate,  X(Na)  0.190,  X(K)  0.258,  X(2n)  0.552,  Tf  =  661  K, 
the  effect  of  zinc  being  rather  striking.  Table  2  summarizes  the 
'best'  4, 5  and  7  component  mixtures,  and  figure  6  is  a  plot  showing 
the  convergence  of  6-componcnt  mixtures  to  eutectic  compositions. 


Table  2.  Lowest 

Tf  for  4, 

5 ,  and 

7  Component 

Mi xtures 

N 

Composition 

X. 

1 

X 

in 

a 

T*  ,  K 

T 

f 

4 

(Li)  0.3247 

(Na) 

0.1579 

0.5567 

0.4123 

1105 

649 

(K)  0.0741 

(2n) 

0.4453 

5 

(Li)  0.5268 

(Na) 

0.1586 

0.5602 

0.4550 

1158 

631 

(K)  0.0746 
(Ca)  0.0842 

(Zn) 

0.5556 

7 

(Li)  0.1600 

(Na) 

0.2600 

0.6800 

0.5220 

1221 

393 

(K)  0.2600 

(Ca) 

0.0150 

(Ba)  0.0100 
(2n)  0.2065 

(Mg) 

0.0885 

The  research  to  date  lias  achieved  T~  values  in  the  vicinity  of  590  K, 
lower  values  should  follow  with  additional  work. 


DISCUSSION 

Three  items  are  believed  to  be  significant  from  the  work,  the  fact 
that:  1)  -the  mixture  freezing  point  can  be  reduced  more  than  50"  of 
the  linear  combination  freezing  point,  2)  -the  proposed  model  can  he 
used  to  guide  the  search  to  the  composition  regions  where  greatest 
lowering  can  he  expected,  and  5)  -statistically  the  mono-  and  divalent 
sulfate  mixtures  involved  showed  significant  excess  entropy  and  en¬ 
thalpy.  Concerning  the  latter  matter,  Lumsden  (11)  and  Rloom  (12), 
following  Hildebrand  (10)  have  viewed  molten  salt  mixtures  as  'regular' 
solutions;  however,  it  was  expected  that  the  mixtures  investigated  in 
this  work  would  show  excess  entropy.  The  choice  of  the  definition  of 
the  excess  function,  4>f  =  Sf-  -  Il'/T*.  was  a  matter  of  mathematical 
convenience,  as  individually  S1-  and  Ml:  can  not  be  separated.  Those 
mixtures  with  positive  excess  function  showed  values  of  0  <  <  4, 

J/gmol  K,  which  is  considered  to  be  primarily  entropy,  as  enthalpy  is 
small  when  divided  by  T* . 
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THERMODYNAMICS  OF  1 -METHYL-3-ETHYLIMIDAZOLIUM 
CHLORIDE  —  ALUMINUM  CHLORIDE  MIXTURES 
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The  Frank.  J.  Seiler  Research  Laboratory 
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Colorado  Springs  CO  8084C-6528 

ABSTRACT 

A  thermodynamic  model  for  liquid  mixtures  of  1 -methyl -3- 
ethyl i mi dazol i um  chloride  -  aluminum  chloride  is  presented. 
The  model  is  based  on  EMF  and  vapor  pressure  measurements. 

It  assumes  the  presence  of  the  anions.  Cl",  A 1 C 1 4~ ,  A 1 2CI 7” , 
A 1  3CI 1  o_  •  a5  well  as  A 1 2^1 6  and  equilibria  between  them. 

The  most  remarkable  feature  of  this  system  is  the  strong 
dependence  of  A 1 C 1 3  activity  on  composition  in  the  acidic 
region  and  the  presence  of  A 1 3C 1 1 q-  as  a  dominant  species 
around  75  mol  %  AICI3 


INTRODUCTION 

Melt  mixtures  of  1 -methyl -3-ethy! 'mi dazol i um  chloride  (MEIC1)  -- 
aluminum  chloride  are  molten  at  room  temperature  for  aluminum 
chloride  concentrations  between  30  and  67  mole  X  (1).  Its  Lewis 
acidity  varies  within  a  wide  range  from  the  very  basic  melt  with 
excess  MEIC1  to  the  acidic  me’ts  with  excess  aluminum  chloride.  The 
melt  mixtures  are  of  interest  as  a  battery  electrolyte,  a  solvent  for 
unusual  oxidation  states,  and  as  a  homogeneous  catalyst  for  organic 
reactions . 

Recently  the  melts  have  been  characterized  thermodynamically 
between  46  and  68  mole  X  A 1  Cl  3  by  EMF  measurements  using  aluminum 
electrodes  (2).  A  study  extended  further  into  the  acidic  range  is  of 
importance  to  obtain  a  complete  thermodynamic  description  of  the 
melts  and  to  clarify  which  species  are  present  throughout  the 
composition  range.  Using  a  vapor  pressure  method,  activities  with 
respect  to  liquid  aluminum  chloride  can  be  calculated  and  a  thermo¬ 
dynamic  model  can  be  constructed  which  predicts  vapor  pressure, 
activities,  and  the  EMF's  of  galvanic  cells. 


'Permanent  Address:  The  Technical  University  of  Norway,  N-7034 
Trondheim-NTH,  NORWAY 
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experimental 


The  vapor  pressure  was  obtained  by  a  boiling  po;nt  method.  The 
principle  and  theory  of  this  method  ■’ave  been  given  by  Motzfeldt, 
Kvande,  and  Wahlbeck  (3)  and  only  a  short  outline  is  presented  here. 
The  sample  is  contained  in  a  ce'l  witn  a  capillary  opening,  <n  the 
present  case  made  from  pyrex  glass  (cf.  Fig.  1).  The  ceil  i;  placed 
in  a  recording  thermobalance  and  brought  to  tempe'iture  unae’'  N2 
pressure.  Theoretical  treatment  of  the  transport  processes  (3)  gave 
the  following  expression  for  the  rate  of  weight  crange  w: 


=  ci <-  exJ(^-B> 

l -e  xp( w/A) 


2 

)  -  Pi  ] 


(1  ) 


In  this  equation,  Pf  is  the  external  pressure,  ana  P  is  the 
equilibrium  vapor  pressure  of  the  melt.  The  parameters  A,  B,  and  C 
are  related  to  gas  aiffusivity,  heat  transfer  and  gas  viscosity, 
respectively,  but  for  the  present  purpose  may  be  considered  empirical 
constants  for  a  given  experiment  at  constant  temperature.  What  is 
important  here  is  that  Eqn.  1  allows  calculation  of  P  from  the 
experimental  quantities,  Pf  and  w. 

A  commercial  thermogravimetrical  analyzer  was  used  for  our 
studies  (Perk. in-Elmer  TGA7  Thermogravi metric  analyzer).  It  was 
connected  to  a  MENSOR  Quartz  manometer /control  1  er'“  with  a  nitrogen 
reservoir  and  a  vacuum  pump.  The  TGA.7  was  fully  computerized  but 
could  only  take  total  weignt  of  5  grams  including  the  crucible.  To 
accommodate  the  crucible  and  achieve  a  larger  zone  of  constant 
temperature,  the  low-temperature  furnace  of  the  TGA7  was  replaced 
with  a  larger  eurnace  made  of  a  quartz  tube  with  externally  wound  0.2 
mm  Pt  wire  having  the  same  resistance  as  the  original  furnace,  8. 50. 

In  earlier  work  on  chloroaluminates  (4,5,6),  the  initial  outer 
pressure  was  larger  than  the  vapor  pressure  and  the  outer  pressure 
was  then  stepwise  lowered,  the  weight  loss  increasing  markedly  when 
the  outer  pressure  becomes  lower  than  the  equilibrium  vapor 
pressure.  The  vapor  pressure  was  obtained  by  a  fitting  of  the  mass 
loss  data  to  Eqn.  1.  As  the  evaporating  gas  had  a  composition 
different  from  that  of  the  melt,  a  continuous  change  in  melt 
composition  resulted.  This  was  accounted  for  by  correction 
procedures  (5,6). 

The  problem  with  a  changing  composition  of  the  re't  during  the 
present  experiment  is  much  more  serious  due  to  the  smaller  sample 
size  (2  g  versus  40  g)  and  a  very  strong  dependence  of  vapor  pressure 
on  composition.  Using  the  procedure  mentioned  above  led  to  having  to 
"chase"  a  rapidly  diminishing  pressure.  The  resulting  break  in  the 
weight  loss  curve  was  not  sufficiently  pronounced  and  the  correction 
procedure  was  difficult  to  employ.  It  was  then  decided  to  change  the 
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procedure  and  turn  this  apparent  weakness  of  the  present  set-up  into 
an  advantage. 

The  first  modification  was  to  lower  the  initial  external  pressure 
below  the  equilibrium  pressure,  and  then  let  the  sample  boil  itself 
toward  the  composition  which  corresponds  to  the  external  pressure 
The  equilibrium  pressure  was  determined  from  the  weight  loss  as 
fol lows : 


In  the  chosen  pressure  range  where  Pr  <  P.  Eqn.  1  •$  simplified 
to 

-w  =  :[fPe*p  iw/8^  -  Pf2l  <21 

neglecting  diffusive  gas  flow. 

As  the  weight  change  lw  for  one  experiment  with  constant  Pf  is 
small  relative  to  the  total  weight  and  the  gas  consists  only  of 
aluminum  chloride 


AXA  =  k'  iw  < 3) 

where  k'  =  *A< 1 -*A>  +  < 1 -XA>2  (MmEICI /mA1C1 3> 

w 

where  M  is  the  molecular  weight  of  the  subscripted  species,  XA 
denotes  the  stoichiometric  mole  fraction  of  ASCI3  =  nAlCl 3/<nA1C1 3  + 
nMEICP>  ancl  w  '3  the  sample  weight. 

For  a  limited  range,  the  vapor  pressure  of  AI3CI5  !s  assumed  to 
fol low  the  re  1 ation 


dinP=k"qxA  (4) 

Eqns.  2-4  gives  the  following  differential  eauation  for  the  weight 
change  rate 


-w  =  CCP2  eaAw  eaw  -  Pf2]  (5) 

o 

where  P0  is  the  pressure  at  the  sta~t  of  the  exoer’ment  at  t:me  t=c 
and  Aw=o,  a=2k'k"  and  <x=2/ B.  This  equation  can  only  be  solved  for 

| aw |  <  1 ,  so  that 


e 


aw 


+  aw 
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This  gives 


1  +  aCP2 
o 


and  integration  of  Eqn.  6  gives: 


Aw 

1 

1 

♦  a 

1  n 

CPf 

a 

2 

cp£ 

-  CP 

f  (6) 

eaAw 


The  quantities  P0  and  a  can  be  obtained  in  an  iterative  fashion 
and  the  constants  C  and  a  by  fitting  of  Eqn.  5,  6  or  7 .  A  two  point 
fitting  is.most  easily  done  by  the  use  of  Eqn.  5  as  the  experiments 
give  both  w  and  Aw  and  no  appi  oximation  is  involved-  The  fitting  is 
done  for  t=o  where  Aw=o  and  for  the  end  time,  t. 


After  determination  of  a  and  C,  Aw  for  w  =  -0.1  mg/min  is 
calculated.  The  composition  of  the  melt  which  has  this  weight  change 
Aw  is  now  taken  to  be  the  melt  which  has  a  vapor  pressure  Pe.  The 
rationale  for  setting  w  =  -0.1  mg/min  instead  of  0  was  justified  from 
calibration  experiments  with  ethyleneglycol  combined  with  the  fact 
that  Eqn.  5  wi 1 1  extrapolate  the  data  too  far  due  to  neglect  of 
diffusive  gas  flow.  Examples  of  experimental  data  are  shown  in  Fig. 
2.  This  procedure  worked  well  for  external  gas  pressures  in  the 
range  0.4  -  0.7  atm.,  but  at  lower  .external  pressures,  the  time  t  for 
w  =  -0.1  mg/min  becomes  exceedingly  long  making  the  extrapolation 
procedure  uncertain. 

In  the  second  modification,  the  initial  external  pressure  was 
again  lowered  below  the  equilibrium  vapor  pressure  resulting  in 
boil-off  of  A  TCI  3 .  But  the  external  pressure  was  increased  in  steps 
until  boiling  stopped  as  indicated  by  the  levelling  off  of  the  rate 
of  weight  loss.  The  composition  at  that  point  corresponded  to  a  melt 
which  had  the  vapor  pressure  Pf.  For  both  methods,  melt  mixtures 
from  80  to  66  mol  X  could  be  studied  with  a  single  experimental 
sample.  It  was  however  necessary  to  raise  the  temperature  when  the 
vapor  pressure  became  too  low  for  easy  measurements  (<  0.05  atm). 

III.  THERM00YNAMIC  MODEL  AND  CALCULATIONAL  PROCEDURES 

The  model  assumed  the  following  melt  species  to  be  present  in  the 
melt:  1 -methyl -3-ethyl  imidazol  ium  <MEI'f),  Cl-,  AICI4-,  AI2CI7-, 

AT 3CI 10- ,  and  A1 2CI 5 . 
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Three  independent  equilibria  are  formulated  between  the  species: 


A  1C! 4-  =  Cl-  t  0.5  A 1 2C1 6 

AI2CI7-  =  AICI4-  +  0.5  A 1 2C T 5 

=  AI2CI7-  +  0.5  AI2CI5 

where 

a,  =  Yj  X, 


a]  ag 


0.5 


a4 


a4  a6 


0.5 


a7 


a 7  a6 


a!0 


■  <1 


KII 


0.5 


KIII 


(S) 


(9) 


(10) 

(11) 


the  subscriot  referring  to  the  number  of  Cl's  present 
and 


Kf  »  exp 


(To)  dSi°  (To)  dCpOj 

-  +.  -  +  - 

RT  R  R 


T 

I  n  _ 

T^ 


where  T  is  the  temperature  of  the  experiment  and  T0  is 
temperature. 


in  each  species, 


k  12) 


the  standard 


Xj  is  defined  as  a  modified  Temkin  ion  fraction  (7),  i.e.  as  an 
anion  fraction  where  the  neutral  AI2CI5  is  counted  among  the  anions. 
From  this  definition  the  following  mass  balance  equilibria  are 
obtained: 


X4  +  2X7  *  3X 1 0  ♦  Xg(3  -  xA)/(l  -  XA)  «  XA/()  -  XA>  (13) 
and  Xi  ♦  X4  »  <7  ♦  Xig  *  Xg  =  1  ,  (14) 

where  XA  is  defined  as  at  Eqn.  3. 

Presently  the  activity  coefficients  Yi  in  Eon.  5  are  set  equal  to 
unity.  This  is  equivalent  to  setting  them  to  be  constant  and 
incorporating  them  into  the  equilibrium  constants.  The  dCp°j  in  Eon. 
12  is  set  equal  to  zero.  Knowing  <j,  k[j.  and  K[[|,  as  functions  of 
temperature.  Eqns.  8-14  can  then  be  used  to  calculate  the  five  ion 
fractions  as  well  as  the  activity  ag. 
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The  program  MOOFIT  (8)  programmed  for  a  personal  computer  was 
used  to  determine  the  equilibrium  constants  Kj,  <;j,  and  Kj;j,  by 
minimizing 


F  =  Kdog  ag  (e«p]  -  log  ag  [calc])2 

This  criteria  is  eaui/atent  to  a  relative  least  square  fit  of  the 
values  proper,  out  avoids  the  very  small  numbers  for  basic  melts. 

Tne  experimental  total  vapor  pressures  were  converted  to 
activities  utilizing  data  from  the  JANAF  tables  (9)  as  well  as 
considering  the  smai '  amount  of  A 1 C 1 3  in  the  vapor  pnase: 

A 1  Cl  3  (1)  •  A 1  Cl  3  (g>  :  ’5> 

<15  =  exp  (76.65  -  13159.6  H  -  9.474  IrT  *  7.93  '0'3t 
-  3.903. 10'6t2  ♦  i  .  3  .  1  0-3t3  .  0 .  1929.  1 0“ 1  ‘•T'*} 

3  A l Cl  3  (g)  »  A1 nClg  (g)  (16) 


>:g  w  exp  (-23.6162  *  15588. 4. H  ♦  0.5482  In’  *  3 . 32 . 1 0~3T 
-  1.96.  10-5  T-’  *  0.774.  1  O'^T3  -  0 .  1  37  .  1  O'  1  2  T4} 


2  a::iv«ty  :s  nen  given  as: 


*5 


o 

i 


B  -  Vs2  -  4p2,.^ 
’<16  •  <i 5‘ 


(17) 


where  B  »  2°f0t  *  !/<tg.  As  the  internal  transport  number  of  ME  I ^  i  ; 
unity  (10,11),  the  EMF  data  can  ce  transferred  to  activity  by  the 
relationship  (12): 


d  In  ag 


6F  1  -  XA 
RT  1  +  2XA 


dE 


U8' 


The  integration  constant  was  chosen  so  that  this  EMF  data 
overlaps  with  the  vapor  pressure  data. 


Although  Eqns.  8-14  are  a  straightforward  set  of  equations  to 
solve  for  the  anion  fractions  and  the  ag  activity  in  an  iterative 
fashion,  the  solution  may  easily  diverge  if  proper  starting  values 
and  restrictive  conditions  are  not  introduced,  especially  near  the 
equivalence  points,  XA(eq)  =  0.50,  0.667  and  0.75.  The  following 
procedure  was  successful.  Close  to  the  equivalence  points,  XA  = 


98 


XA(eq):t0.02 ,  the  majority  species  was  first  calculated  for  the 
equivalence  composition  assuming  only  the  three  most  prom’nent 
species  present.  Then  the  second  most  prominent  species  was 
calculated  for  the  same  composition.  The  three  -«ma:ning  soec'es 
were  calculated  from  Eqns.  8-10.  A  better  value  fcr  tne  secdnq 
species  was  then  calculated  from  Eqn.  13  by  requir'rg  the  a t i  o 
between  the  two  most  orominent  species  to  be  unchanged,  and  an 
improved  value  was  then  oota:ned  for  the  first  soec'es  from  Ign.  14. 
The  process  was  repeated  unt'i  all  mole  fractions  changed  with  less 
than  ±0. 00001.  Further  aoart  from  the  equivalence  noint,  the 
iteration  procedure  was  less  critical  and  the  starting  values  were 
calculated  considering  only  the  two  major  species.  Using  this 
procedure  the  final  result  for  each  compos i t i on  was  usually  obtained 
with  less  than  10  iterations.  t0  find  tne  best  set  of  <ij,  ana 
<111,  the  constants  were  first  varied  one  at  a  time  and  afterwards 
all  constants  were  varied  simultaneously. 

IV.  RESULTS 

The  original  EMF  data  were  averaged  from  *-*0  or  three 
independent  experiments  and  integrated  to  octa'n  activities  using 
Eqn.  18  and  are  given  below  ror  the  three  gif^e-ent  temperatures, 
the  activities  of  AI2CI5  for  x^  =  0.60  have  been  arbitrarily  set 


equal  to 

unity. 

40°C 

*A 

log  a6  - 

0.4745 

■29.983 

0.4798 

-29.755 

0.4353 

-29.446 

0.4903 

-29.085 

0.4952 
-28  533 

0 . 5204 
-1.369 

0.5310 

-1.465 

0.5415 
-i . 168 

0.5504 

0.902 

0.5595 
-0  695 

0.5691 
-0 . 506 

0.5798 

-0.324 

0 . 5904 
-0. 141 

0.6003 

0.041 

0.6102 

0.209 

0.6205 

0.430 

9.6308 

0.689 

0.6411 

1  .039 

0.651  1 

1.435 

0.6612 

2.036 

0.6714 

2.873 

50°C 

*a 

log  a6  - 

0.4850 

■29.222 

0.4906 
-2" .567 

0.4943 

-28.048 

0.5211 

- 1 . 806 

0.5238 
-1 .541 

0. 538 7 
-1.283 

0.5509 

-0.972 

0.5598 

-0.767 

0.5698 

-0.562 

0.5791 

-0.372 

0.5897 

-0.175 

0.5999 

0.002 
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60°C 


*A 

log  a6 

0.4648 

-29.205 

0.4691 

-29.082 

0.4751 

-28.854 

0.4800 

-28.597 

0.4852 

-28.279 

0.4902 

-27.890 

0.4952 

-27.263 

0.5198 
-1  .852 

0.5312 

-1.442 

0.5410 
-1 .176 

0.5512 

-0.926 

0.5597 

-0.736 

0.5711 

-0.4858 

0.5784 

-0.3416 

0.5867 
-0. '898 

0.6001 

0.0046 

0.6103 

0.2353 

0.6212 

0.4782 

0.6296 

0.683 

0.6410 

1 .009 

0.6503 

1.397 

0.6605 

1.898 

0.6713 

2.505 

0.6804 

3.120 

0.6909 

3.871 

The 
i gnor i ng 

vapor  pressure  data  were  transformed  into 
the  presence  of  A 1 C 1 3  i.e.  ag  =  ptot^K9K82 

ag  by  Eqn. 

17 

t*C 

*A 

log  a6 

206 

0.7572 
-0.61 1 

236 

0.  7281 
-0 . 96 1 

267 

0.7114 

-1.360 

191 

0.7788 

-0.427 

191 

0.7665 

-0.552 

191 

0.7383 
-1 .030 

219 

0.7233 
-1  .278 

219 

0.7118 

-1.676 

265 

0.7049 

-1.70! 

In  order  to  get  a  smooth 
pressure  data,  the  value  6.5 
obtained  by  EMF  measurement. 


overlap  between  the  EMF  and 
was  subtracted  from  a'l  log 
The  fit  gave  the  following 


the  vapor 
ag  data 
parameters : 


I 

II 

III 

AH  <kJ> 

55.40 

2.81 

6.21 

AS  (J/K) 

-191 

-53 

0.9 

log  K  ( 40°C) 

-19.2 

-3.2 

-1  .0 

with  a  standard  deviation  in  the  fit  equal  to  0.107.  Figure  3  shows 
the  activity  ag  for  t=40°C  and  t=250°C  and  the  calculated 
concentration  of  the  different  species  for  t=250°C.  It  must, 
however,  be  stressed  that  the  data  are  preliminary  and  more  accurate 
data  are  expected  to  be  obtained  after  performing  further 
experiments.  It  should  also  be  remembered  that  the  mole  fraction  is 
calculated  assuming  the  activity  coefficients  to  be  constants. 

Higher  polymeric  anions  with  four  or  more  A1  atoms  may  also  be 
present. 

Nevertheless  three  features  stand  out: 


too 


1.  Acidic  melts  are  stab’e  versus  gaseous  decomposition  up  to  at 
least  300°C  even  if  they  attain  a  dark  color. 

2.  Not  only  is  the  activity  change  tremendous  around  50  mol  X 
A 1 C 1 3 ,  but  the  A 1 C 1 3  activity  changes  much  more  strongly  with 
composition  in  the  acidic  region  than  for  alkali  chlorcal umi nate 
melts. 

3.  Substantial  amounts  of  higher  polymers  like  AIjCIjq*  must  be 
present  to  explain  the  strong  cnange  in  A 1 C 1 3  activity  around  X^  = 
0.75. 

Raman  spectroscopi c  studies  are  under  way  to  clarify  the  presence 
of  higher  polymers . 
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To  Thermal  Balance 


Figure  1 .  Capi 1 lary  cel  1 
used  for  vapor  pressure 
measurements. 


Figure  2.  Experimental  weigr.t 
loss  data.  T  =  19I°C,  outer 
pressure  of  0.5613  atm.  and 
composition  at  equilibria  cf 
XA  =  0.7675. 
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Valght  (ag> 


Figure  3.  Acti 
concentration  a 


t  40  and  250°C  and 
el  calculations. 


VAPORIZATION  OF  WATER  FROM  HYDROUS  MEETS 
AND  CONCENTRATED  ELECTROLYTE  AQUEOUS  SOLUTIONS 
Shigehito  Deki,  Masaharu  Fukui, 

Akihiko  Kajinami,  and  Ynkio  Kanaji 

Department  of  Industrial  Chemistry, 

Faculty  of  Engineering,  Kobe  University 
Rokkodai,  N'ada,  Kobe,  F57  Japan 


ABSTRACT 


Vapor  pressure  of  hydrous  melts  arid  very  eorieeritraled 
electrolyte  aqueous  solution  were  measured  with  the  sys¬ 
tems  ZnOh-IhO  and  OaOh-HsO.  The  measurements  were 
made  at  various  temperatures  in  the  composition  range  of 
r(watcr/elertrolyt.e)=l. 27-20.0  for  ZnC'lz-HjO,  or  r=4.2.1-.'iO.O 
for  CaCh-H20  by  the  transpiration  method.  From  the 
temperature  dependence  of  the  vapor  pressure,  the  en¬ 
thalpy  and  entropy  of  vaporization  were  determined.  The 
correlation  between  them  showed  two  different  types  of 
linearity  indicating  Barclay -Butler  rule  for  each  system. 

To  explain  these  results  ,  the  existence'  of  different  kinds 
of  ion-water  interactions  were  proposed. 

INTRODUCTION 

Hydrous  melts  and  very  concentrated  electrolyte  aqueous  solu¬ 
tion,  containing  hydrate  melts,  are  situated  near  the  end  of  the 
concentration  scale  of  the  electrolyte  in  molten  salts-water  systems, 
if  it  could  be  allowed  not  to  take  account  of  the  difference  in  tem¬ 
perature  (1).  Therefore,  they  have  two  kinds  of  aspects,  as  a  mol¬ 

ten  salt  and  an  electrolyte  aqueous  solution.  The  studies  on  these 
regions  are  expected  to  do  much  for  both  of  molten  salt  chemistry 
and  aqueous  solution  chemistry-  Especially,  the  investigations  on 
the  chemical  or  physical  behavior  of  water  in  these  systems  are 
very  interesting  and  important  in  order  to  understand  the 
properties  of  water  in  molten  salts  at  high  temperature  or  in  the 

hydration  sheath  around  ions  of  dilute  aqueous  solutions.  In  them, 

most  of  water  molecules  are  under  restriction  of  ions  and  the 
water-ion  interactions  are  highly  associated  with  ion-ion  interactions. 

For  the  purpose  of  studying  the  physico-chemical  properties 
of  water  in  hydrous  melts  and  very  concentrated  aqueous  solutions, 
the  vapor  pressures  of  water  for  the  systems  ZnCli-HjO  and  Cadj- 
H2O  were  measured  over  a  complete  concentration  range,  as  far  as 
they  were  stable  liquids  at  various  temperatures  of  JO-145  °C,  by 
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using  the  transpiration  method. 


EXPERIMENTAL 

The  preparation  of  hydrous  melts  and  the  concentrated  solu¬ 
tions  was  reported  earlier  (2). 

The  vapor  pressure  of  water  over  the  electrolyte- water  sys¬ 
tems  were  determined  by  the  transpiration  method  using  a  Karl- 
Fischer  automatic  litrator.  The  apparatus  for  the  measurement  is 
shown  in  Fig.l.  N2  gas  was  used  as  a  carrier  gas.  The  dried 

and  preheated  carrier  gas  was  first  equilibrated  with  the 
electrolyte-water  systems  at  a  known  temperature  in  the  sample 
chamber,  and  finally  passed  through  anhydrous  methanol  in  the  cell 
of  Karl-Fischer  automatic  titrator  for  the  measurements  at  low  tem¬ 
peratures  ,  or  through  a  cold  trap,  cooled  with  liquid  nitrogen,  for 
those  at  high  temperature.  On  the  latter  case,  after  flowing  carrier 
gas  tor  the  given  period  of  time,  the'  cold-trapped  water  was  heated 
and  evaporated  to  put  into  the  cell  of  titrator  with  carrier  gas 
flow.  Samples  were  maintained  at  the  known  temperatures  with  a 
water  bath  or  an  electric  furnace  thermo-controlled.  To  prevent 
the  vapor  from  condensation,  the  paths  were  kept  at  5  °0  higher 
than  measuring  temperature  .  The  equilibrated  vapor  pressure  was 
determined  as  the  value  at  the  plateau  on  the  plot  of  vapor  pres¬ 
sure  v.s.  flow-rate  of  carrier  gas  (3).  Testing  the  accuracy  of  this 
method,  measurements  were  made  with  pure  water  at  different  lem- 
peratu res. 


RESULTS  AND  DISCUSSION 

Transpiration  measurements  were  made  mainly  on  the  systems 
of  ZriCta-HaO  and  CaCh-IfjO  in  the  temperature  ranges  of  30-L45  °C 
for  the  former  systems  arid  30-120  °C  for  the  latter.  Their  com¬ 
position  ranges  wore  i. 27-20.0  for  ZnCh-HaO  and  4.23-30.0  for  CaOh- 
HtO  of  water/electrolyte  ratio  (r).  On  being  measured  under  these 
conditions,  all  the  samples  were  stable;  as  liquids.  However,  not  all 
compositions  could  be  investigated  at  all  temperatures  because  of 
the  limitations  of  their  melting  point,  or  solubility.  Before*  and 

after  the  measurement,  the  change  of  the  composition  was  negligible. 

The  variations  of  vapor  pressure;  with  the  composition  arc; 
shown  Fig. 2.  For  CaCla-HaO  system,  the  linearity  of  vapor  pressure 
in  the  mole  ratio  of  water  were;  kept,  up  to  r-5.  For  ZnOh-lUO  sys¬ 
tem,  the  linearity  could  not  be  recognized,  as  had  been  reported 
with  nitrate-water  systems  by  Tripp  (4).  The;  relationship  between 
activity  coefficient  of  water  and  composition  for  the  hydrous  melts 
was  shown  in  Fig. 3.  The  activity  coefficient  was  so  small  that  it 
indicated  water  molecules  intensively  restricted  with  ions,  and  that 
of  Ca(?la-HaO  was  smaller  than  that  of  7nCU-HzQ  by  a  factor  of 
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about  two  at  corresponding  mole  ratio  in  the  composition  range  up 
to  ca.  r=6. 


From  the  data  on  the  temperature  dependence  of  vapor  pros- 
sure,  average  enthalpy  arid  entropy  of  vaporization  were  determined 
by  the  ordinary  method.  The  plots  of  the  enthalpy  of  vaporization 
v.s.  composition  are  given  in  Fig. 4  and  5.  In  spite  of  being 
determined  in  different  temperature  ranges,  the  plots  for  rarh  sys¬ 
tems  are  correlated  by  a  single  line.  However,  the  correlation  for 
OaOh-lliO  remarkably  differs  from  that  for  ZriOU-IbO.  It  has  a  maxi¬ 
mum  at  ca.  r-fi  in  the  plots.  For  /.riOh-HrO,  the  enthalpy  increases 
with  the  decrease  of  water  content  and  the  cor rel.at  ion  shows  a  dis¬ 
cernible  shoulder  at  r=3-t. 

The  entropy  of  vaporization  for  these  systems  showed  similar 
correlation  with  their  composition  to  that  of  the  enthalpy.  The  plots 
of  entropy  v.s.  enthalpy  of  vaporization,  Barclay -Butler  plots,  are 
shown  in  Fig.fi.  With  both  systems,  they  give  two  different  straight 
lines  distinguished  by  the  composition  ranges.  In  the*  range  ,,f 
those  composition,  each  correlation  shows  the  Barclay -Butler  rule 
which  expresses  the  similar  process  of  vaporization,  .and  it  is  sug¬ 
gested  that  water  molecules  in  those  composition  r  mges  are  und«*r 
similar  restriction  (5).  In  other  words,  it  seems  that  water-ion  in¬ 
teraction  changes  at  r-2.H  for  ZnPU-HaO  and  r=fi  for  <  ’a< ' I2— *. 

From  t .hese  results,  it  is  concluded  that  the  ion  -water  interac¬ 
tions  in  the  raC'U-lh^  system  are  weakened  by  ire  reusing  cation- 
anion  interaction  at  a  water  content  region  less*  ih.au  r-f>-fi  and 

the  water  molecules  in  the  ZnCh-llaO  system  arc*  trapped  among  in¬ 
creased  aggregated  specie's  of  /n(' I?  at  a  water  content  region 
less  than  r-3-1. 
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THERMODYNAMIC  PROPERTIES  OF  MOLTEN  MAGNESIUM  CHLORIDE 
HYDRATES  IN  PRESENCE  OF  POTASSIUM  CHLORIDE 


H.-H.  Emons,  A.  Dittrich,  and  W.  Voigt 

Bergakademie  Freiberg,  Sektion  Chemie 
Leipziger  Str.f  Freiberg  9200,  Germany 

ABSTRACT 

Vapour  pressure  measurements  had  been  performed  in  the  ternary 
system  xKCI  *  (l-xHMgClj  *  R  H*0)  ui.  tc  a  maximum  tempera 
ture  of  923  K.  The  investigated  compositions  varied  between 
0  ~  x  :  0.3  and  4.6  a  R  s  6.0.  From  the  experimental  vapour 
pressures  water  activities,  enthalpies  of  evaporation,  and  partial 
molar  excess  entropies  of  water  were  calculated.  The  present  re 
suits  confirm  the  appearance  of  direct  cation-anion  contacts  within 
the  concentration  range  of  molten  hydrates  due  to  H20*-eC!‘  ex 
change  reactions  in  the  first  coordination  sphere  of  Mg1*. 


1.  Introduction 

Molten  salt  hydrates  represent  a  class  of  liquids  interconnecting  features  of 
aqueous  solutions  and  molten  salts.  Recently,  we  proposed  to  define  the  con 
centration  range  of  molten  hydrates  more  generally  as  a  range,  which  Is 
characterized  by  a  quantitative  predominance  of  ion-water  contact  interac¬ 
tions  1,2.  A  peculiar  transition  behaviour  in  the  concentration  dependence 
of  thermodynamic  properties  is  observed  within  this  range.  The  sharpness 
of  this  transition  is  related  to  the  strength  of  ion  water  and  cation  anion 
interactions.  Its  position  on  the  concentration  scale  corresponds  tc  t^e 
average  hydration  number  of  the  strongest  hydrating  ion. 

In  this  respect,  Mg C 1 2  can  be  considered  as  a  model  substance,  consisting 
Of  a  strongly  hydrating  cation  with  almost  no  tendency  to  associate  with  the 
anion  in  aqueous  solutions  '3,4  .  In  agreement  with  the  primary  hydration 
number  of  Mg  ,  at  a  molar  H^O  MgCl^  ratio  R  =»  6,  distinct  changes  in  the 
partial  molar  quantities  of  water  were  revealed  from  vapour  pressure  mea 
surements  in  the  binary  system  MgClj-H^O  2,5,6  . 

On  the  other  hand,  the  properties  of  the  anhydrous  molten  mixtures  VgCI^ 
ACI  (A-K,Rb.Cs)  are  governed  by  the  formation  of  tfc  t»‘  s'-elca!  i  v  rjirstr 
chlorocomplexes  of  magnesium  7,8  . 

There  arises  the  question,  wheLne.-  chlorocomplex  formation  becomes  important 

in  the  range  of  molten  hydrates  of  MgCI_.  A  ligand  exchange  H  O* — *Cl  at 

2*  2  * 
the  Mg  ions  should  be  reflected  in  a  relative  increase  of  the  water  activity 

Thus,  in  this  work  the  influence  of  KCI  on  the  vapour  pressure  of  molten 


ill 


magnesium  chloride  hydrates  has  been  investigated  for  molar  H^O  MgCl^ 
ratios  between  six  and  four.  Tab.  1  gives  a  summary  of  the  compositions, 
which  are  covered  by  our  measurements. 

2.  Experimental 

The  preparation  and  analysis  of  magnesium  chloride  hydrates  have  been 
described  previously  '9,.  Reagent  grade  KCl  (VEB  Jenapharm  Laborchemie 
Apolda)  was  recrystallized  and  dried  to  constant  weight  at  <*73  K. 

Aliquots  of  magnesium  chloride,  potassium  chloride  and  water  mere  weighed 
directly  into  the  teflon  vessel  of  the  autoclave  to  give  a  sample  of  the 
desired  bulk  composition. 

A  detailed  description  of  the  apparatus  for  vapour  pressure  measurements 
and  the  procedure  used  is  given  in  9  . 

In  this  study  some  improvements  were  introduced  increasing  the  accuracy 
of  the  experiments.  Two  wire  circuits  of  the  Pt-100  resistance  thermometers 
were  rvi.'ldceJ  by  four  wire  arrangements  and  all  measurements  of  voltage 
were  performed  in  both  current  directions  to  compensate  thermoelectric 
effects.  The  $  a  ••  pies  /.ere  ho-oqeneous  i  /  -e'tea  tefr.»-e 
e  >/  d  c  v  a  t  i  n  g  the  ar^aratjs.  Likewise,  for  t  re  ■' '» r  *-  e  •;  *  »  ?  »•,  r  f 
slight  Shifts  in  bulk  composition  (  0.5  per  centi  »ho  quantity  of  water  va 

pour  exhausted  during  the  evacuation .  was  weighed  after  freezing  out  at 
liquid  nitrogen  temperature. 

For  all  compositions  given  in  Tab.  1  a  vapour  pressure  polytherm  was  deter 
mined  with  temperature  steps  of  about  12  K  until  a  maximum  temperature  of 
523  K.  The  experiments  were  started  at  a  temperature  about  10  K  above  the 
crystallization  temperature  according  the  phase  diagram  of  D’ANS  and 
SYPIENA  10  . 

In  order  to  ensure  a  temperature  interval  of  at  least  50  K  the  maximum  con 
centration  of  KCl  was  limited  to  30  mol-%  related  to  the  anhydrous  salt  mix 
ture. 

3.  Calculation  of  the  water  activity  from  vapour  pressure 

For  the  calculation  of  the  water  activities  from  the  measured  vapour  pressures 
p  Eq.  (1)  was  applied. 

pw  pi 

ln  aw*p*'  =  ln,pw  pw*  *  St  /  lVw  v«  1  dp  ’  RT  /  v«  dp  >" 
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Eq.(1)  yields  the  water  activity  a^  at  the  vapour  pressure  of  pure  water  p^ 

at  the  given  temperature,  where  V  is  the  partial  molar  volume  of  water.  T  the 

W  - 1  - 1 

absolute  temperature  and  R  the  general  gas  constant  (8.3144  J  mol  K  ).  The 
subscripts  have  the  following  meaning  °  standard  state,  *  pure  water; 

"  liquid  phase  and;  "  gas  phase. 

For  a  satisfactory  accuracy  in  the  analytical  solution  of  the  first  integral  of 
Eq.(1)  up  to  523  K  -  our  upper  limit  in  the  experiments  -  it  was  necessary  to 
take  into  account  the  third  virial  coefficient  of  water  steam  (Eq.(2)) 

v;--  «T  p,  •  8  *  c  p,  i2) 

where  B  and  C  is  the  second  and  third  virial  coefficient,  respectively.  The 
numerical  values  of  B  and  C  as  a  function  of  temperature  were  determined  by 
means  of  multilinear  regression  of  the  PVT  data  of  water  steam  11  from  373 
to  573  K.  The  obtained  power  series  are  given  by  _q.(3)  and  (4). 

B[m3  kg,  '  a,  T  *  a2  T2  -  a3  T3  -  T4  ‘  as  TS  13) 

aQ  ^  -3.14697  El  a^  3.37919  E  8 

a}  =  7.63194  E  2  ay  -7.71229  E10 

a 2  z  *  7.26904  E  5  a5  6.78403  E 1 2 

C  im  (kg  bar)]  =  a^  *  a ^  T  *  aj  T2  («) 

a'Q  ■-  -1.03334  E  3  a',  =  1.26910  a^  =  3.97580  E  2 

At  temperatures  *  523  K  Eq.(2)  to  (4)  represent  the  original  data  11  within 
error  limits  of  0 . 1 5% . 

From  Eq.(1)  it  follows  that  the  partial  molar  volume  of  water  in  the  liquid 
phase  has  to  be  included  into  the  calculation.  Different  approximations  were 
used  for  this  quantity  in  the  literature.  The  reason  has  to  be  seen  in  a  lack 
of  precise  and  extensive  volumetric  data  of  water-salt  systems  at  temperatures 
above  373  K  and  high  concentrations.  At  lower  concentrations  the  most  reliable 
approach  consists  of  the  use  of  the  molar  volume  of  pure  water  V*‘  (e.g.  12, 
13.14). 

The  relative  contribution  of  the  second  integral  in  Eq.(1)  increases  with  rising 
vapour  pressure  difference  between  salt  solution  and  pure  water.  In  the  case 
of  a  magnesium  chloride  hexahydrate  melt,  with  its  low  water  activity,  it  amounts 


to  only  0.3  per  cent  at  423  K,  but  1.5  per  cent  at  523  K  already.  Accordingly, 
at  higher  temperatures  the  necessary  attention  has  to  be  directed  to  the 
partial  molar  volume  of  water  to  allow  an  exact  calculation  of  the  water  acti¬ 
vity  from  vapour  pressure  data. 

For  molten  hydrates,  containing  strongly  hydrated  cations  as  Mg*  ,  a  vigorous 
decrease  of  the  partial  molar  volume  of  water  should  be  expected.  AKSWANOVIC 
and  KREY  /IS.  reported  an  equate  for  t*ie  density  of  MgCl^-H^O.  which 
we  used  to  calculate  the  partial  molar  volume  of  water.  A  general  plot  is 
given  in  Fig .  1 .  With  rising  temperature,  the  influence  of  the  salt  eoncentra 

tion  on  V1  increases,  but  its  maximum  variation  remains  smaller  than  10*.  At 

w 

the  end  of  the  compiled  concentration  range  (45  wtt  _  8.6  mol  MgClj  kg  H^O) 

fp  uncertainty  m  tne  density  d<r  native  *ith  re  *.  t;  co  | .  <  • !  f  •'  •  *.-« '  *■' 

Consequent!.',  the  crossinrj-jroint  a*  at-ojt  'V 1^.  k  ,:->7  is  rv*  i ■*  * 

In  the  ternary  system- KCl  WgCI^  H^O- %he  partial  molar  volume  of  water  was 
considered  as  to  be  not  influenced  by  the  added  KCl. 

4.  Results  and  discussion 

The  experimental  results  are  summarized  in  Tab. 2.  The  molalities  in  column  1 
and  2  are  corrected  for  the  amount  of  water  m  the  vapour  phase. 

The  temperature  dependence  of  the  vapour  pressure  can  be  described  by  means 
of  relation  (  51 , 


together  with  the  standard  deviation  obtained  from  a  linear  regression  are 
listed  in  Tab. 3. 


Column  6  of  Tab. 2  contains  the  water  activities  a 


recalculated  to  con 


stant  compositions  of  the  sample  and  rounded  molar  ratios  H^O  VgCI^. 

For  the  temperature  dependence  of  the  water  activity  at  constant  composition, 
relation  (6)  was  applied 


The  coefficients  A^  and  A are  reported  in  Tab.  4. 

Fig. 2  exhibits  a  graphical  representation  of  the  results  at  a  molar  H^O  MgCl, 
ratio  R  =  6.0.  The  logarithm  of  the  water  activity  In  a^orr  wa*  plotted  against 
the  reciprocal  absolute  temperature.  1'T.  The  four  polythermal  data  sets  given 
in  Fig. 2a  scatter  within  ±  1.1  per  cent  around  the  regression  line.  This  value 


can  be  considered  as  the  reproducibility  of  our  vapour  pressure  measure 
ments.  In  Fig. 2b.  the  regression  function  from  the  present  work  (Fig. 2a)  is 
plottad  together  with  previous  data  The  comparison  between  the  two 

figures  points  out  the  higher  accuracy  of  the  recent  data. 

Fig. 2  reveals  also  an  unexpected  result  Within  the  experimenta  uncer'ainty 
the  water  activity  of  a  magnesium  chloride  hexahydrate  melt  is  not  changed 
after  addition  of  annydrous  potassium  chloride.  The  experimental  results  at 
lower  water  contents  are  shown  in  Fig. 3.  Filled  circles  and  their  regression  lines 
(drawn  as  continuous  lines)  refer  to  a  KCI  content  of  x  -  0.3.  whereas  the 
dashed  lines  represent  the  water  activities  in  the  binary  system  MgCI^-H^O 
at  the  same  molar  i> 1^0  MgCl^)ratio  R. 

At  R  6  an  increase  of  the  water  activity  becomes  evident  after  addition  of 
KCI.  In  Fig. a  the  effect  of  composition  variation  is  presented  in  form  of  iso 
thermal  plots.  At  a  temperature  of  473  K  the  relative  increase  of  the  water 
activity  referred  to  the  corresponding  pure  magnesium  chloride  hydrate  melt 
•  s  plotted.  Fig4a  demonstrates  the  effect  of  the  addition  of  30  mo'  %  KCI  in 
re^ar.J  t-;  the  molar  H20  MgCl^  ratio,  whereas  in  Fig. 4b  the  variation 
of  the  water  activity  in  regard  to  the  KCI  content  is  given  for  constant 
R  4.6. 

The  most  distinct  effect  was  found  at  the  lowest  water  content  (Fig. 4a)  and 
after  addition  of  the  largest  amount  of  KCI  (Fig. 4b).  In  spite  of  the  higher 
total  salt  content  the  water  activity  is  increased  by  14.5  per  cent.  This  re 
suit  is  in  contrast  to  the  common  behaviour  of  aqueous  solutions,  where  the 
vapour  pressure  decreases  with  growing  total  salt  concentration. 

Returning  to  the  question  formulated  in  the  introduction,  from  our  results 
it  can  be  stated  that  in  molten  magnesium  chloride  hydrates  ligand  exchange 

processes  H.O«~*CI  become  important.  At  R  6  the  release  of  water  from 
^  2  ♦ 

the  coordination  sphere  of  Mg  ions  reaches  such  an  extent  that  the  water 
activity  is  not  only  relatively  increased,  but  absolutely. 

Reactions  of  type  1U  can  be  formulated  to  describe  the  coordination  competition 
between  H^O  and  Cl 


[Mg|H20)6 


Cl  J2  " 


,oi,  ci  1 

*■  3  ?  6nm  n*nr 


This  agrees  with  a  recent  raman  spectroscopic  investigation  17  ,  wh'ch  proves 
the  existence  of  direct  cation  anion  contacts  in  melts  of  magnesium  chloride 


A  displacement  of  equilibrium  (H  to  the  right  hand  side  enhances  the  water 
activity  and  should  secce  lirce  as  the  total  ratsc  o+  Cl  H^O  in  the  melt 
is  changed.  Tab. 5  gives  the  variation  of  this  ratio  in  comparison  to  pure 
magnesium  chloride  hydrate  melt  A.  With  decreasing  R  we  find  increasing 
values  of  C  ,  which  explains  the  enlargement  of  the  effect  observed  in  this 
direction.  At  the  instance  of  molten  magnesium  chloride  hexahydrate,  the 
water  activity  increasing  effect  by  reaction  (I)  is  just  compensated  by  the 
simultaneous  increase  in  total  salt  content.  At  still  lower  molar  ratios 
HjO  VgClj  reaction  (U  produces  an  absolute  enhancement  of  vapour  pressure. 

The  libration  of  coordinated  water  according  to  (I)  is  also  clearly  reflected 
in  the  molar  enthalpy  of  evaporation  as  well  as  in  the  partial  molar 

excess  entropy  of  water  AmS*X.  For  the  calculation  of  'he'  ^  quantities  Eq.{7) 
and  (8)  were  used,  respectively. 

A  H  -  T ( V"  -V’  )  dp  dT  (7) 

V  w  w  w  w 

&  Sex=  -  R  ( In  acorr  In  X  I  RT  din  acorr  dT  (8) 

m  www  w 

where  is  the  mole  fraction  of  water  on  an  ionized  basis.  The  needed 

vapour  pressures  and  water  activities  as  well  as  their  temperature  depen 

dencies  were  derived  from  Eq.(5)  and  (61.  respectively. 

In  Fig .  $  both  A  H  and  A  Sex  are  plotted  against  the  KCl  content  at  a 
3  v  w  m  w  r  3 

H^O  UgCI2  ratio,  R  -  4.6  and  473  K. 

The  deviation  of  the  points  at  x  -  0.15  (run  8)  from  the  general  tendency 
exposes  the  sensitivity  of  these  quantities  to  relative  small  errors  in  the 

activity  data.  In  preparation  of  run  8  obviously  rest  gas  was  not  removed 

completely  from  the  reference  s  stem  resulting  in  a  slightly  larger  slope  m 
the  temperature  dependence  of  the  water  activity. 

With  increasing  KCl  concentration  the  absolute  values  of  A  H  as  well  as 
J  V  w 

of  A  Se  decreases,  which  is  adequate  to  a  of  the  ion  water 

m  w 

interactions . 

The  present  results  confirm  our  general  view  of  the  concentration  range  of 
molten  hydrates  as  to  be<;h.3rac  ter  \  zed  by  dominant  ion  water  contacts  and  the 
appearance  of  direct  calion-amon  contacts  due  to  coordination  competition. 
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Tab.1  Bulk  compositions  of  the  investigated  samples  in  the  system 
{xKCI  *  (1-x)(MgCl2  *  R  H20)} 

R  x  -- 

0.0S  0.10  0.15  0.20  0.25  0.30 


Tab. 2:  Experimental  vapour 

pressures  p^  and  water  activities 

m(MgCI-)  m(KCl) 

T  corr 

T  p  a  a 

w  w  w 

[mol  kgHjO]  [mol  kgH20] 

tK]  [kPa] 

1  2 

3  4  5  6 

MgCI2 

9.253 

♦  6H20 

(run  1) 

433.60 

103.6 

0.1731 

0.1732 

9.286 

502.95 

686.2 

0.2/38 

0.2756 

9.308 

524.02 

1104.7 

0.3119 

0.3148 

MgCl2 

9.248 

♦  6H20 

(run  2) 

402. 42 

33.9 

0.1315 

0.1313 

9.250 

422.83 

70.9 

0. 1560 

0.1560 

9.256 

448.04 

159.9 

0.  1B96 

0. 1899 

9.266 

473.74 

333.2 

0.2283 

0.2291 

9.283 

500.04 

639.7 

0.2685 

0.2701 

0.85(V.gCI2  *  6H20)  *  0.15KC1  (run  3) 


9.267 

1.635 

434.09 

103.8 

0.1714 

0.1722 

9.270 

1.636 

446.65 

153.9 

0.  1884 

0.189-4 

9.274 

1.637 

459.09 

222.3 

0.2064 

0.207* 

9.280 

1.638 

472.04 

317.8 

0.2254 

0.2  264 

9.287 

1.639 

484 . 75 

441.8 

0.2446 

0 . 2  46fc 

9.297 

1.641 

497.44 

602.0 

0.2644 

0.2668 

9.309 

1.643 

510.51 

816.2 

0.2865 

0.2895 

9.324 

1.646 

523.51 

1089.6 

0.3102 

0.3138 

0. 

701  MgCI,  * 

6H20)  •  0.30KCI  (run  4) 

9.281 

3.977 

469.23 

294.1 

0.2208 

0.2224 

9.287 

3.980 

481.68 

407.2 

0.2391 

0.2410 

9.294 

3.983 

494.26 

S53.3 

0.2573 

0.2596 

9.  305 

3.  988 

507. 41 

751.  1 

0.2778 

0.2806 

9.318 

3.993 

520.67 

1005.3 

0.2995 

0.3028 

0 

•  90(MgCl2  * 

4.6H  O)  ♦  0.10KC1  (run 

5) 

12.099 

1 .  345 

462.35 

127.6 

0.1113 

O.mi 

12.105 

1  .  346 

475.08 

188.8 

0.1271 

0.1281 

12.113 

1 .  347 

487.85 

272.9 

0.144? 

0. 1454 

12.138 

1.349 

513.76 

538.6 

0.1819 

0. 1840 

12.155 

1.351 

526.51 

730.9 

0.2021 

0. 20-.6 

12.124 

1.348 

500. 5S 

387.2 

0.  1630 

0. 1647 

0 

■  70(MgCl2  * 

4.6H20)  ♦  0.30KCI  (run 

6) 

12.100 

5.177 

458.67 

123.9 

0. 1167 

0.1176 

12.105 

S.179 

471 . 72 

183.9 

0.  1323 

0.1333 

12.112 

5.182 

485.08 

269.4 

0.1496 

0. 1509 

12.122 

5.186 

497.94 

379.8 

0.1672 

0. 1688 

12.133 

5.191 

510.80 

524.7 

0.1857 

0. 1878 

12.147 

5.197 

522.25 

688.2 

0.2030 

0.2055 

U‘> 


Tab.  2  .  continued 


1 

2 

3 

4 

5 

6 

0 . 95  ( MgClj  * 

4.6H20)  *  0.05KCI  (run 

7) 

12.126 

0.637 

459.28 

113.1 

0-1053 

0.1067 

12.131 

0.637 

471.61 

166-2 

0.1199 

0.1216 

12.139 

0.638 

484.13 

240.2 

0.  1360 

0. 1379 

12.151 

0.638 

497.44 

347.2 

0.1544 

0.1567 

12. 165 

0.639 

510.37 

484.2 

0.1729 

0.1757 

12.183 

0.640 

523.03 

655.7 

0  1914 

0.1948 

0.65(MgCl2  - 

4.6H20)  *  0.  15KCI  (run 

8) 

12.081 

2.130 

459.53 

117.5 

0.1088 

0.1092 

12.086 

2.131 

472.67 

178.2 

0.  1258 

0. 1263 

1 2 . 09*4 

2.132 

485.41 

257.9 

0.1425 

0.1432 

12.  T  09 

2.134 

498.77 

371.6 

0.1613 

0.1624 

12.116 

2.136 

511.24 

512.4 

0.1802 

0.1817 

12. 134 

2.139 

523.85 

706.3 

0.2033 

0.2053 

0. 80 ( \1gCl_  ♦ 

4.6H  01  -  0.20KC1  (run 

91 

12.084 

3.022 

459.26 

122.6 

0.1142 

0.1146 

12.090 

3.023 

473.33 

188.1 

0.1311 

0.1317 

12.097 

3.025 

486.57 

273.8 

0.  1479 

0. 1488 

12.107 

3.027 

498.95 

383.4 

0.1659 

0.1671 

12.120 

3.03) 

512.38 

538.1 

0.1857 

0.1873 

12.135 

3.034 

523.94 

708.3 

0.2035 

0.2056 

0. 

75(\1gCf2  * 

4.6H  0)  *  0.25KCI  (run 

10) 

12.086 

4.031 

458.33 

121.1 

0.1150 

0.1155 

12.091 

4.033 

471.83 

182.9 

0.1312 

0.1319 

12.099 

4.035 

485,36 

268.9 

0.1486 

0.1495 

12.108 

4.038 

498.58 

383.2 

0.  1668 

0.1681 

12.120 

4.042 

511-12 

524.4 

0.1847 

0.1863 

12.134 

4.047 

522.86 

695.0 

0.2030 

0.2051 

0. 

.  70 ( MgCl 2  * 

5.0H2O)  ♦  0.30KCI  (run 

in 

11.141 

4.783 

46C.78 

152.5 

0.1 372 

0.1 385 

11.146 

4.785 

473.06 

218.3 

0.1526 

0.1540 

11.152 

4.788 

485.38 

306.6 

0.  1690 

0.1708 

11.161 

4.792 

497.83 

423.3 

0.1863 

0.1883 

IT. 172 

4.797 

511.67 

594.4 

0. 2069 

0.2094 

11.184 

4.802 

522.82 

770.5 

0.2245 

0.2275 

0.701  MgCl.  + 

5.5H20)  ♦  0 . 30K  Cl  (run 

12) 

10.074 

4.325 

458.54 

179.1 

0.1687 

0.1679 

10.078 

4.327 

470.21 

249.7 

0.1843 

0.1837 

10.083 

4.329 

482.94 

350.1 

0.2014 

0.2010 

10.092 

4.333 

497.55 

505.9 

0.2228 

0.2228 

10.101 

4.337 

510.90 

692.8 

0.2430 

0.2434 

10.112 

4.341 

522.71 

902.3 

0.2619 

0.2626 
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Tab. 3:  Regression  coefficients  of  Eq.(5) 


run 

ad 

A,  [K] 

1  and  2 

18.518 

-6026.5 

0.014 

3 

18.395 

-5966.7 

0.005 

4 

18.117 

-5833.0 

0.002 

5 

19.183 

-6624.3 

0.007 

6 

18.918 

-6464.3 

0.005 

7 

19.172 

-6630.5 

0.007 

8 

19.322 

-6686.0 

0.005 

9 

19.027 

-6528.0 

0.004 

•c 

18.952 

-6485.3 

0.005 

tl 

18.676 

-6287. <i 

0.003 

12 

18.357 

-6036.7 

0.003 

1)  S’  ‘  f£|ln  Pwle«P)  '  IP  PW(C3III  (n  il]1  2 
with  n  =  number  of  experimental  points 
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Tab-4  Regression  coefficients  of  Eq.{6) 


run 

Ao 

A',  [Kj 

c*’1 

1  and  2 

1.7050 

-1504.4 

0.008 

3 

1.7348 

-151B.0 

0.004 

4 

1.6109 

-1461.7 

0.002 

5 

2.7616 

2287.9 

0.003 

6 

2.4465 

2104.1 

0.001 

7 

2.7174 

2275.  1 

0.002 

8 

2.8751 

-2338.8 

0.005 

9 

2.5789 

-2180.1 

0.002 

to 

2.4895 

-2130.5 

0.001 

1 1 

2.1993 

-1925.0 

0.002 

12 

1.8503 

•  1667.1 

0.002 

1)  Cf  -  [£(ln  a^°rr(exp}  -  In  a^orr|cal);  In  2)] 
with  n  -  number  of  experimental  points 
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Tab. 5:  The  change  of  the  Cl"/H20  ratio  in  the  system 

fxKCl  *  (1-x)(MgCl2  ♦  R  HjO))  in  comparison  to  the  pure 
magnesium  chloride  hydrate  melt 


R  x  = 


0.15 

0.3C 

6.0 

0.030 

0.072 

5.5 

0.032 

0.078 

5.0 

0.035 

0.086 

4.6 

0.038 

0.093 

Fig.1:  Concentration  dependence  of  the  partial  molar  volume  of  water 
at  several  temperatures  [Kj  in  the  system  MgCI^-H^O 
(473  K  =  max.  compiled  temperature;  dashed  straight  line  =  limit 
of  the  compiled  concentration  range  /15<) 
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STORING  ENERGY  AT  AMBIENT  TEMPERATURES:  A  STUDY  OF  THE  MELTING¬ 
FREEZING  EQUILIBRIA  OF  (CaCl2,  6^0)  -  (K*.  NH4*)(Cl',  NO')  MIXTURES 

J.  Guion,  A.  Jaffrin,  M.  Latigt,  and  M.  Teisseire 

Laboratoire  d ' Ecothei mique  C.N.R.S. 

B.P.  21,  06561  Valborme,  Cedex,  France 


ABSTRACT 

This  paper  reports  on  research  into  storing  energy  at 
ambient  temperatures  by  use  of  phase  change  materials 
mainly  based  upon  CaCi,,  6H.0.  This  process  has  a  highly 
reversible  solid-liquid  equilibria  that  will  not  degrade 
for  thousands  of  cycles.  Different  compositions,  from  pure 
stabilized  calcium  chloride  hexahydrate  (phase  transition 
@  =  28.2°C,  AH  =  190  200  J/g)  to  multicomponent  solutions 
with  KC1  and  NH^Cl  (existence  of  two  eutectic  valleys, 

22.5-25“C  temperature  range,  and  AH  =  190-200  J/g).  have 
been  studied  and  characterized  by  differential  scanning 
calorimetry.  Solutions  containing  nitrate  ion  and  shoving 
the  existence  of  an  anion  exchange  reaction  lead  to  the 
formation  of  an  eutectic  compound  (phase  transition  0  = 

1  ’°C  and  AH  =  170-180  J/g).  From  a  rough  analysis  of  the 

C  srgnals,  vhich  are  very  sensitive  to  slight  composition 
changes,  the  influence  of  several  parameters  on  the 
behavior  of  these  solutions  was  studied. 

INTRODUCTION 

Various  attempts  have  been  made  at  storing  energy  from  the  sun  as 
a  free  primary  energy  source  and  storing  it  for  lov  temperatuie 
applications  such  as  heating  or  cooling  of  buildings  and  growing  of 
plants  in  veil  -  control  led  greenhouses.  We  have  oriented  our  research 
toward  efficient  and  lov-cost  devices  using  phase  change  materials 
(PCM)  as  storing  materials.  For  the  applications  mentioned  above, 
the  main  objective  is  temperature  regulation  near  ambient 
temperature,  using  the  latent  heat  involved  in  the  phase  transitions: 
solid-liquid  in  the  storing  part  and  liquid-solid  in  the  restituting 
part.  Many  studies  have  been  completed  using  salt  hydrates;  such  PCM 
present  a  much  higher  thermal  capacity  (sensible  and  latent  heat) 
than  raw  materials  such  as  rocks,  pebbles  or  concrete,  and  even 
valet.  This  reduces  by  a  factor  of  5  to  20  the  weights  and  volumes 
of  theimal  storage  required  for  equal  performance.  Tire  i  ho  ice  of  PCM 
depends  upon  many  parameters:  transition  temperatuie  domain, 
transition  enthalpy,  thermal  stability,  and  rost.  This  pap.  r  deals 
with  calcium  chloride  hexahydrate  solutions  for  use  in  the  ,’<*  tn°r 
temperature  applications. 


CALCIUM  CHLORIDE  HEXAHYDRATE 

Figure  1  represents  part  of  the  phase  diagram  of  CaCl2-H20, 
showing  the  existence  of  two  compounds:  hexahydrate  A  (CaC 12,  6H20) 
and  tetrahydrate  B  (CaCl2,  4H20).  The  tetrahydrate  exists  under 
three  allotropic  forms,  the  stable  one  being  the  a  variety. 

The  liquidus  branches  of  A  and  B  ( a- tet rahydra te )  join  at  a 
peritectic  point,  P,  which  means  that,  starting  with  a  solid  of 
composition  A,  if  melted  and  then  cooled,  one  will  observe  formation 
of  tetrahydrate  B.  This  salt  has  a  higher  density  than  that  of  the 
liquid  in  equilibrium,  and  settles  down,  giving  rise  to  a  segregation 
phenomenon.  Unfortunately,  the  enthalpy  transition  of  the 
tetrahydrate  is  much  lower  than  that  of  the  hexahydrate.  Moreover, 
the  tetrahydrate  will  melt  again,  only  at  a  higher  temperature  than 
the  melting  temperature  (2d.2°C)  of  A. 

Another  common  feature  observed  for  salt  hydrates  is  the 
subcooling  phenomenon.  For  chemically  pure  calcium  chloride 
hexahydrate,  it  is  very  easy  to  get  a  temperature  of  10  to  15°C  below 
the  melting  temperature  without  freezing.  Many  studies  concerning 
nucleation  and  suppression  of  segregation  effects  have  been 
attempted.  A  variety  of  nucleating  agents  have  been  tested  and  may 
play  a  role  in  preventing  subcooling  (1-5).  One  of  them,  strontium 
chloride  hexahydrate,  is  an  epitaxial  agent  of  calcium  chloride 
hexahydrate  with  very  similar  crystal  parameters,  which  may  explain 
its  possible  nucleation  effect.  However,  it  is  generally  used  in 
proportions  less  than  saturation,  which  means  that  it  might  also 
slightly  modify  the  phase  diagram  (6).  Controversies  still  exist  on 
the  exact  mechanism  responsible  for  the  suppression  of  subcooling 
(5-7). 

Since  the  peritectic  composition  P  is  very  near  the  composition 
of  hexahydrate,  this  compound  is  often  referred  to  as  "quasi- 
congruent  melting"  compound.  This  may  only  be  approached  with 
additives  which  modify  the  phase  diagram,  resulting  in  a  decrease  in 
the  melting  temperature  moving  the  relative  position  of  P  compared  to 
pure  A.  Among  the  most  effective  additives  are  strontium  chloride 
hexahydrate  and  potassium  chloride;  however,  it  is  not  certain 
whether,  after  many  cycles,  gradually  increasing  amounts  of 
tetrahydrate  B  are  formed. 

Another  method,  referred  to  as  the  "extra  water  principle," 
simply  consists  of  adding  some  water  in  order  to  operate  with  the  P 
composition.  This  addition  lowers  the  melting  temperature  by  1-2°C 
and  reduces  the  latent  heat  by  20-302,  but  does  not  give  complete 
freedom  from  the  segregation  phenomenon.  Many  thickening  agents  have 
been  claimed  as  effective  for  pieventing  this  phenomenon.  A  critical 
examination  shows  very  little  to  modetate  success  of  the  solutions 


proposed  for  another  attractive  salt  hydrate,  the  Glauber's  salt 
(sodium  sulfate  dodecahydrate)  (9).  Ue  have  been  lucky  enough  to 
find  a  successful  agent  for  calcium  chloride  hexahydrate,  consisting 
of  a  special  variety  of  diatomaceous  earth,  containing  mainly 
acicular  "synedra,"  with  a  needle0form  of  5000  A  length  with  arrays 
of  regularly  matched  holes  of  50  A  diameter.  The  effectiveness  of 
such  stabilizing  agent  -  10X  by  weight  of  calcium  chloride  -  has  been 
clearly  demonstrated  over  thousands  of  cycles,  and  solar  houses 
equipped  with  this  storing  material  -  patented  under  the  trade  name 
of  chliarolithe  (from  Greek:  warm  stone)  -  in  different 
configurations  have  been  operating  without  any  alteration  of  the  PCM 
for  nine  years.  How  the  stabilizing  agent  works  is  not  yet 
completely  understood,  but  the  role  of  diatomites  is  generally 
thought  of  as  being  twofold: 

1.  The  mechanical  dispersion  in  mass,  their  distribution  preventing 
any  settling  down  of  tetrahydrate,  and  then  allowing  its  eventual 
redissolution  upon  heating,  if  ever  formed.  However,  it  is 
difficult  to  understand  why  other  diatomaceous  varieties 
(cylindrical  or  spiral  shapes)  with  comparable  macrophysical 
properties  (density)  do  not  exhibit  the  same  behavior. 

2.  The  microporous  properties,  favoring  preferential  nucleation  of 
hexahydrate  and  orienting  crystalline  growth  of  this  compound. 
This  is  quite  difficult  to  prove.  We  tried  some  experiments  with 
crystallization  of  calcium  chloride  hexahydrate  solutions,  in  x- 
ray  Guinier-Simon  cells,  equipped  for  work  in  controlled 
atmospheres  and  varying  temperatures  with  time.  While  the 
thermal  properties  evaluated  from  slow  heating  rates  with  DSC 
calorimetry  -  3°C  per  hour  -  showed  a  reversible  melting-freezing 
transition  process  according  to  the  typical  curve  of  Figure  2, 
for  the  same  sample  of  chliarolithe  the  x-ray  diagrams  did  not 
show  any  lines  before  we  reached  a  temperature  of  -11°C.  The 
only  compound  identified  is  CaCl2,  6H20,  but  these  observations 
occurred  far  below  the  interesting  melting  zone. 

SOLUTIONS  RICH  IN  CALCIUM  CHLORIDE  WITH  AMMONIUM  AND  POTASSIUM 
CHLORIDE  ADDITIVES 

For  some  building  applications  and  greenhouse  regulations,  there 
is  need  for  PCM  melting  in  the  18-25°C  range.  The  strategy  followed 
was  to  take  calcium  chloride  hexahydrate  as  the  basic  component  and 
to  try  several  additives  in  order  to  get  lower  melting  temperatures 
and  a  "fair"  latent  transition  heat. 

After  several  experiments  involving  the  "extra  water  principle" 
(8)  and  following  one  observation  about  two  not  well-defined 
compositions  of  CaCl2,  6H20,  KC1,  and  NH4C1  mixtures  (10),  we  pursued 
the  exploration  of  this  pseudo-ternary  system.  Working  in  the  corner 
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of  a  rich  CaCl2,  6H20  component,  within  the  estimated  maximum 
solubilities  area  o£  both  NH4C1  and  KC1,  either  along  constant  CaCl2 
compositions  or  constant  KC1/NH4C1  molar  ratio  lines,  we  were  able  to 
correlate  the  variations  of  Cp  curves  that  were  very  sensitive  to 
even  slight  composition  changes,  to  the  possible  existence  of  a 
smooth  eutectic  valley.  On  Figure  2,  we  represented  two  Cp  signals 
and  their  relative  contents,  which  may  be  compared  to  the  values 
observed  for  pure  CaCl2,  6H20  and  the  technical  chliaroli the.  The 
curves  are  highly  reproducible,  and  the  melting  temperatures  obtained 
from  intersection  of  the  basis  line  with  the  extrapolated  tangent  at 
the  first  inflection  point  -  onset  temperature  -  gives  22.5 °C  for  the 
eutectic  "temperature."  Figure  3  shows  the  Cp  signal  corresponding 
to  the  eutectic  composition  (MU  124,  nCaCJ  ,6H  0  *  1 ,  nNH  CJ  =  0.242, 
nKCJ  =  0.096),  for  which  the  total  AH  transition  value  is'  190-200 
J/g. 

It  is  worthwhile  emphasizing  how  difficult  it  is  to  clearly 
identify  what  the  solid  phases  in  equilibrium  in  the  transition  zone 
are,  while  experimental  x-ray  work  is  still  progressing.  When 
cycled,  the  composition  corresponding  to  MU  124  gives  the  extended 
horizontal  melting  level  temperature  versus  time,  at  least  for  the 
first  cycles.  As  before,  segregation  and  subcooling  might  easily  be 
observed  and  this  makes  it  compulsory,  for  long  term  industrial 
applications,  to  introduce  diatomites  as  a  stabilizer. 

Observations,  related  to  the  experiments  where  the  exact  ratio  of 
water  to  calcium  chloride  was  not  correctly  adjusted  to  get  the 
hexahydrate  compound,  led  us  to  explore  a  small  part  of  the 
quaternary  system  CaCl2,  H20,  KC1  and  NH4C1.  Surprisingly,  within  a 
narrow  composition  domain,  we  observed  again  the  probable  formation 
of  an  eutectic  compound,  with  a  melting  temperature  of  23.9°C  and  a 
heat  content  of  190-200  J/g  (see  Cp  curve  for  the  compound  MU  106  on 
Figure  3,  ncaC1,  -  0.430,  n„  0  =  2.44,  nKcl  *  0.040,  and  nNH  C1  = 
0.101).  This  composition  has  been  tested  for  stability  towards 
segregation;  with  a  water  deficit  of  5.3?  compared  to  hexahydrate 
composition,  we  could  not  trigger  any  undesirable  tetrahydrate,  even 
by  introducing  external  germs  of  this  last  compound.  It  is  to  be 
noted  that  the  total  AH  content  of  190-200  J/g  is  quite  similar  to 
that  of  chliaroli the,  and  this  fact  may  be  related  to  the  high 
endothermic  effect  observed  on  solubilization  of  NH4C1  and  KC1. 

RECIPROCAL  SOLUTIONS  RICH  IN  CALCIUM  CHLORIDE  VITH  AMMONIUM. 

POTASSIUM  CHLORIDES,  AND  NITRATES 

Starting  from  the  eutectic  composition  related  to  CaCl2,  6H20, 
NH4C1,  RC1,  we  added  various  quantities  of  either  ammonium  or 
potassium  nitrate.  The  corresponding  C  versus  temperature  curves 
generally  showed  two  peaks,  sometimes  three,  more  or  less  separated. 
The  onset  temperatures  were  difficult  to  determine,  for  the  shape  of 
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the  Cp  signals  was  similar  to  that  in  solutions  where  an  excess  of 
water  as  compared  to  hexahydrate  was  introduced  (8);  this  resulted  in 
observation  of  a  pronounced  drag  effect  before  the  first  melting 
peak,  reducing  the  latent  heat  content  of  these  solutions. 

We  systematically  analyzed  the  influence  of  the  different 
parameters  governing  the  behavior  of  these  reciprocal  solutions  where 
the  water  content  is  critical.  All  these  solutions  weie  prepared 
with  diatomites  as  a  stabilizer  and  with  pure  CaCl2,  2 H20. 

Figure  A  shows  the  variation  of  the  importance  of  the  AH  content 
corresponding  to  the  "drag  zone,"  of  the  eutectic  peak  ( AHml ) ,  and  of 
the  second  peak  (AHm2)  with  the  deficit  in  moles  %  relative  to 
calcium  chloride  hexahydrate  composition.  The  dtag  effect  decreases 
linearly  with  increasing  lack  of  water,  while  the  relative  importance 
of  AHml  and  AHm2  changes  ftom  almost  pure  eutectic  (S  29)  to  a  signal 
where  the  second  peak  becomes  predominant,  all  the  other  parameters 
being  fixed. 

Figure  5  shows  the  influence  of  the  number  of  moles  of  NO]  for  a 
given  initial  deficit  of  water  of  }%,  nc>cl  ,  nKH  c , ,  nKCj  being 
fixed.  This  influence  is  also  illustrated  in  Figure  6,  corresponding 
to  solutions  with  an  initial  water  deficit  of  8%,  for  the  evolution 
of  the  Cr  signals.  S  59  with  no  nitrate  is  very  near  the  eutectic 
(0m  =  23.9°C)  already  mentioned;  increasing  the  nitrate  content 
results  in  the  decrease  of  this  peak  and  the  progressive  formation  of 
an  intermediate  peak  (S  57,  nN0-  -  0.02).  Both  peaks  decrease 
gradually  from  S  56  (nH0-  -  0.06)  to  S  58  (nN0-  =  0.12),  while  the 
eutectic  compound  (0m  =  i9.7°C,  AH  =  170  J/g)  growth  becomes  more 
pronounced.  Variations  of  ammonium  chloride  initial  content,  or 
potassium  chloride/ammonium  chloride  ratio,  other  parameters  being 
held  constant,  show  that  the  drag  effect  is  constant,  and  that  the 
relative  importance  of  the  two  peaks  may  vary. 

These  experimental  observations  can  be  partly  accounted  for  by 
the  the  exchange  reaction: 


CaCl2,  6H20  +  2NH4N03  t  Ca(N03)2,  AH20  »  2^0  *  2NH4C1 

The  formation  of  the  calcium  nitrate  tetrahydrate  is  accompanied  by 
the  formation  of  two  water  molecules.  This  may  explain  the  drag 
effect  observed  and  its  correlative  reduction  when  the  initial  water 
content  of  the  solutions  is  decreased.  This  evidently  holds  if  KN0, 
is  used  instead  of  NH4N03-  The  above  reaction  leads  also  to  the 
formation  of  NH^Cl  (or  KCl),  thus  modifying  the  KCl/NH^Cl  tatio, 
which  is  critical  for  reaching  the  exact  eutectic  composition 
(11,12).  Such  solutions  have  been  actually  tested  in  full  scale 
greenhouses  and  have  worked  well  foi  two  years,  thus,  allowing  A07, 
energy  savings. 


1  3  A 
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theoretical  determination  of  exchange  integrals  in  salts 
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A8STRACT 


The  exchange  integrals  of  the  crystal  salts  were  investiaated  makinn 
use  of  Fourier  Method. The  mathematical  relations  between  the  exuhanoe 
integrals  were  found  out  by  determining  the  stability  conditions  for  the 
magnetic  modes .following  the  requirement  for  which  the  quadratic  *orm 
must  be  definite  positive  The  magnetic  modes  and  the  exchange  integrals 
which  are  the  solutions  of  an  eigen  value  pro:  5e",we*-e  studied  theoreti¬ 
cally  in  case  of  magnetite  crystal. 

INTRODUCTION 


The  signs  and  magnitudes  cf  the  exchange  integrals  are  extremly 
important  in  determining  the  transition  temperature,  the  magnetic  struc¬ 
tures  and  indeed  practically  all  of  the  fundamental  properties  of  the 
substances. In  principle,  the  exchange  integrals  are  of  course  calculable 
but  i n  practice  most  calculations  can  c’aim  o^ly  qualitative  accuracy, 
although  the  methods  anc  3  0c roacnes  are  steadily  improving. In  this  pa-’e--, 
we  discuss  the  pro1-  of  determining  the  relations  between  exchange 
integrals  of  ^Ae)F(*j  ions  of  magnetite  crystal  bv  what  ni^nt  be  called 
Fourier  Method '1;.  Tne  values  are  established  by  cc  bininp  theoretical 
relations  between  the  exchange  integrals  and  various  physical  properties 
such  as  the  NCel  Point,  with  experimental  data  on  these  properties. 

The  exchanqe  integrals  of  substances  may  be  obtained  tv  diverse 
methods.  Many  substances  are  studied  by  theoretiral  mpthods  such  as  Fo^ie 
method;  2 ,  spin-dispersion  method* 3)  or  by  experimental  methods  l-<? 
neutron  di  ffraction  .neat  capacity  measurements  etc.  !r  rourier 
one  wri  * ps  just  the  second  order  ter^s  in  the  hamiltenian  expression. 

In  othe»  words , one  considers  an  hamiltonian  expression  as  follows: 


x.x 


V 


In  this  study,  we  nave  use!  this  form  of  Hamiltonian  in  which  all  inva¬ 
riants  o*  the  second  order  are  just  the  scalar  product  of  the  two  tase 
vectors  hav.nq  the  same  representati on. The  spins  being  considered  as 
axial  vectors.one  writes  down  the  Hani  1 1; nian  expression  invariant  under- 
spin  reversal  and  symmetry  operations  of  tie  crystal  iroup. 


ANALYSIS  3F  FDURIEP  METH3C 


The  most  genera l__exp region  of  the  second  order  of_^he  i n^?racf ior 
ergy  between  spins  T  and  S'  located  at  the  positions  "  and  •  given 


in  dyadic  notation(S)  by 


mp  r.- 

Here  the  dyadic  A*(lf , R ‘ )  is  defined  as 

T(7,r)-  (i,i  =1.2.3) 

where  are  scalar  coefficients ,  "?•  and  F*  are  vectors  having  the 
following  property: 


The  nine-component  dyadic  A(R,R  )  may  be  decomposed  into  a  symmetrical 
part  and  an  anti  symmetrical  part,  and  then  may  be  expressed  in  the 
following  form: 

n„.,? pTsi^.v (S7 ).  (sTrIA  ?  <r) i*~W‘ ■:«')  (4) 

The  interaction  symbolised  by  g  i$  called  ^so^rooic  or  scalar  interaction" 
Since  g  is  a  scalar  and  the  scalar  product “S( R)  .S7^ (Ir  )  is  invariant  under 
the  action  of  rotation  operations. The  energy  -2g  is  just  the  deference  bet¬ 
ween  the  singlet  state  energy  and  triplet  state  energy.  The  second  tern 
results  from  spin-spin  orbit  i nteracti on , denotes  anti s/mnetri c  coupling 


Lt_^s  al^  called  "antisymmetric  exchange"  because  of  the  fact  when  the  spins 
Sp  ,  and  are  exchanged, this  term  change  the  sign.  It  is  introduced  by_^ 
Dzialoshinski  and  Moriya(b)  .The  third  term  denotes  the  ani sotrooy .Here  ® Hf,0. ' 


Dzialoshinski  and  Moriya(b) 
is  a  second  order  dyadic. 


T-R.iT;-.  ;  fv  -  Fj.V  -  !*K,j 

:Men^=  n‘  {if  we  neglect  the  constant  terms)  we  obtain  for  VJR  : 


Up  is  crystal ine  field  energy  of  the  spin  at  the  position  R.  This  energy 
is  proportional  to  crystaline  field  tensor  and  has  the  symmetry  elements  of 
point  R.  So  we  can  write  the  Hamiltonian  for  the  system: 


We  now  consider  isotropic  exchange  energy  which  is  also  known  as  Heisenberg- 
Neel  energy  H^, 

V  -iTt.  gR  R7s(R).T •  (T- )  (8) 

Let  us  write  again  the  above  expression  in  terms  of  unitary  spins: 

v  A  -*  0.  -» 

V  9r  R-a(2).cx,(r>-)  (9- 

Where  &  (R)s “s(R)/S(R)  and  9RfR-=’S(?)gRtR.?  [V  ) 

On  the  other  hand, the  equation  of  the  spin  motion: 

JS'R)  — 

dt  “  *jfr  qRtrS'(«')AFIR)  HO) 

In  static  equilibrium  the  first  term  of  the  Eq.  v 1 0 )  must  be  zero.  This 


indicates  that"?(R^  must  be  parallel  to  ^  gR  p,"?‘(R').  So  using  the 
unitary  spins  we  may  write:  R'  * 

XRAa(R)=  xgRR,M?)  on 


*«s  Vr=  -2fKR 


It  follows  from  Eq.{12)  that  iR  may-  be  thought  of  the  contribution  to 
the  exchange  energy  arising  from  thev  interaction  of  Sp  ».  i  th  all  neigbouring 
spins. On  the  other  hand,  because  of  XR  is  the  same  for  every  crystal  lo- 
graphically  equivalent  atoms. 

Let  us  number  i  (or  j)s  l,2,3...n  the  different  Bravais  lattices  of 
magnetic  atoms.  Here  n  is  the  numbej^of  independent  Sub- lattices. Hu  I  tip  lying 
the  term  by  the  term  exp2JTik  and  summing  over  all  P .  ,  we  get: 


\,T,  fk  )  =X  e, ,  I  k  ,T,  (it  J 

T,(7j= 


Since  T.(k)  is  the  Fourier  transforation  of  the  unit  spinC^R,.  and  g 
depends’only  on  the  distance!*?  -  Rt,  one  has: 


e'j|k)  f-  V.R.  expmfk.  ; 


This  sum  is  evaluated  by  fixinq  the  atom  at  the  position^,  and  by  summing 
cn  all  atoms  R.  of  lattice  j.  The  equation  system  (13  may1 be  “ewritten  as 
matrix  equation  as  follows: 

Uflt  -\^^r  0  *16) 

where  E(k)  is  a  herroitian  matrix  of  which  elements .  irj£_£y  tne 

Eq .  (15).  Q\j  is  a  diagonal  matrix  with  elements  o,  1 .  Ti>  defined 

by  the  Eq.{14)  is  a  couomb  vector  n  component .  CV  *  is  give"  sy  tne 
Fourier  inverse  transformation  of  ?.  (k;: 


p(-2nik.Rl ) 


In  resolving  the  equation! 16) ,  we  obtain  the  information  about  spins  orien¬ 
tation  from  the  eigen  vectors. By  means  of  the  eigen  values,  we  obtain  the 
propagation  vectors  which  corresponds  to  every  magnetic  mode. Finally, usinq 
the  stability  conditions,  we  obtain  me  relations  in  the  form  of  inequalities 
between  the  exchange  integrals.  The  spins  having  the  same  phase  are  locates 
on  the  same  crystal lographic  planes.  The  phase  expression  of  the  spins 
located  on  such  planes  is  given  by  the  term  exp2  ik.*!?.  Vector  k(n,k,l)  which 
defines  the  direction  of  propagation  of  the  spins  waves  is  a  solutions  of 
the  equation: 


4-  =  ^.  =  c 

Tn  dk  dl 


In  order  to  study  the  stability  conditions  of  the  system,  the  quadratic 
form  the  coefficient  of  which  are  the  second  derivatives  of  \  ,  must  be 
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positi ve .This  requirement  yields  tne  relations  between  the  exchange 
rals . 

APPLICATION  TO  ( 4e )F«+’3  IONS  OF  MAGNETITE  t.P'STAL 

Firstly.we  shall  discuss  the  solid  phase  i.e.  crystal  phase  r 
than  molten  phase.  Our  test  material  is  tangos  magnetite  crystal.  ? 
crystal  beloqs  to  the  space  group  1^  -(Djfi,  and  the  ;4e;r<^ 
spread  out  in  the  following  manner."1’*’* 

3(0, 1/4, 1/4)  10(1/2,3/4,3/4)  1 1  (U  ,3/4 . 3/4 )  12j  1/2.1  *'4.1  4 

Tne  matrix  elements  for  tnese  ions  defined  Oy  the  £q . f 1 5 >  are: 

e3.9-  e9,9u+  e9,«  +  "9,9c 

Nhere  .g^^.CosEx 

e9,9;,=  ^9,9bCos'' 

*9.9.=  ^9.9cCos2Z 

and  the  other  matrix  elements  are: 


1:.Cos*CosvcosZ 

-.!=  ~!.h  1  V-C'SVCosZ 


i  ’idtrix 

de*  i  ned  t  ,■ 

1  the  Eg.  16 ..  t a f c 

e9,d 

e4,]rt 

P9,H  ti,I- 

e  ■  a  . 

^ ,  i  j 

'  3 ,9 

f.U  # ,  1 

e  t* .  . 

”  # ,  l  i 

■#,12 

e3,n 

*3,12  03t9 

The  reader  ndy  unecr  tnat  the  matrix . 


1 


1 


1 


V 


\  : 


■  m  teg 


a  ther 

are(7 
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1 


1 


1 


/ 


completely  diagnolizes  E 

y-V  =  n(\) 

wiore  n  =  4  md  i^)  is  tne  diagonal  matrix  formed  by  the  followinq  values 

Vp-  ey,g+  e-),k,+  e9,ll+  e9,12 

r-  r  e  _  O,,  e  A 

G  ».»  -t.U  (24; 

N _  -  p_  p  .  _p . 


■  C~-  e9.^+  e9,l" 


9.11-  '9,12 
n  +  eQ  v 


'A  -  t,9-  '9,1.  “  f,!!-1'  -9,i: 

The  cprrv.sponci'.g  eigen  vectors  which  are  tne  columns  of  tne  matrix 

are  Tp  1,1*1),  Tr(l  ,-l  ,1  ,-< ) ,  Tr; )  ,1  ,-l  ,-l 1 ,  ’  . '  \  ,-l  ,-l ,  1 ;  respectively. 

It  snor’d  oe  considered  tne  qroun/Tstate  enen  value  \  the  system. 


\r  =  e)t94 


^.lf  +  S.U  +  ^.l 


jnd  eclating  its  differentials  with  respect  to  , v , Z  to  zero,  one  obtains 
the  respective  solutions  for  various  modes  whirr.  a*-e  summarized  in 
Taoie  l.  As  seen  in  the  table,  in  tne  G-modt: ,  spins  of  the  sane  phases 
parellel  to  'TIC*  planes.  Toe  phase  cf  each  spin  bein';  -jiver.  by  Cos2*  > - / 

Tne  quadratic  fo,-m,tne  coefficients  of  which  a»e  toe  second  derivati¬ 
ves  r  sositive  or  zero. Another  net  hod  states  the  -atrin 

\J -o  *  .+  ;•  oust  t.ave  poft’.e  rocts  b;r  s-al1  Put  arbitrary  ^nat'- 

■ w  vf  Ok.  -ere  and  kA  are  tne  eq  i  *  1 l  r '  \  a —I  k  respective.. 

To  that  end  one  writes  tn£  sev..;.nd  or-je-  *•*. ( *«rerv..i  •  finall/ 

find  following  ineqyl ; t ios  f  ?•■  A-.n-de  and  r>-  v-de  ►•estecti  vl  # . 


%,-.+  '59.! 

1  “  '  ’  ,  ] 

<)%.9b  +  - 

;  +  '  * ,  i 

*  V'  >  : 

+  ^,1. 

*19.9-+  ■ 

’9.1 

’  j  ,  ■ 

1 

"  '9  :  s  >  - 

C u’JDr.o  remark; 

It  is  not  possible  to  obtain  exact  solution  o(  Eq .  16  *o r  three¬ 
-dimensional  cry st.?1,  v>»n  if  we  restrict  ourselves  to  tne  simplest  case 
0*  nearest-'  e igiiDOur- :  ic t’  ms  on Jv. Some  form  of  approximation  be 

used  anc  it  is  difficult  to  estimate  tne  appro. * mat ion ,  as  there  is  no 
exact  so • jt ion  as  a  standard  of  comparison. 

In  genera’,  we  may  say  that  the  molecular  e'»':  is  used  when  thee 
■c-  nr.re  thar  gne  s*:  c'  infp^c tipns  tnn.7  considerably  -ore  sophisticated 
ana  accurate  methods  a.air^e  for  only  the  case  rf  nearest-nei ibour-i r- 
teractipns  only,  "lere  are  a  number  of  e-amples  in  the  literature  where 
neares t-neiqfc jyr  approxinat ion  are  applied  to  systems  which  have  two  or  more 
sets  of  interactions. 


F.Bertaut,  Afln.°hys .  ,  7,  220  (1972} 

F  Sertaut,  Cbri.'^endT  Acad,  Sci.,76,252  (1961; 

B  H.Tome  ,  Sol  iT  State  “Com.  ,5  ,  TTS  {19641 
5. . h .  Oiarap ,  J.Appl .  Phy s  .  ,35 ,”980  ;  1961  \ 

F.Bertaut ,Compt.Rend.Acad.~Sci .  252 ,2078  (1961} 
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TO  1 SENTRUP IC  AND  ISOTHERMAL  COMPRESSIBILITIES  OF 
MOLTEN  SALTS  AT  THEIR  MELT I NO  POINTS 

T.  Iicia,  T.  Mizobuch i ,  and  Z.  MoriCa 

Department  of  Metallurgical  Engineering 
Faculty  of  Engineering,  Osaka  University 
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ABSTRACT 


Simple  equations  for  the  isentropic  and  isothermal  compres¬ 
sibilities  of  molten  salts  at  their  melting  points  have  been 
derived  by  combining  Einstein’s  formula  for  the  compressi¬ 
bility  of  a  solid  with  a  modified  version  of  Lindemann's 
melting  formula  by  the  authors.  These  equations  are  similar 
to  both  expressions  derived  on  the  basis  of  a  statistical 
fluctuation  theory,  i.e.  Cahn -Hilliard  theory,  and  a  hard- 
sphere  model. 


INTRODUCTION 

The  motions  of  molecules  in  liquids  are  very  complicated,  since 
they  are  time  dependent.  It  would  appear,  however,  that  seme  properties 
of  liquids  are  mainly  dominated  hv  the  simple  oscillatory  motion  of 
molecules.  For  example,  the  viscosity  of  simple  liquids  (!),  the  com¬ 
pressibility  and  thermal  conductivity  of  non-metals  (2,3)  are,  respec¬ 
tively,  expressed  in  terms  of  the  fundamental  frequency  of  intermol oc¬ 
ular  vibration.  In  calculating  the  above  properties  of  liquids, 
Lindemann’s  melting  formula  (4)  has  frequently  been  used  for  the  fre¬ 
quency  of  vibration  (1-3).  Unfortunately,  Lindemann's  formula  provides 
only  rough  values  for  the  average  frequency  of  vibration  of  solids  at 
their  melting  points  (4-7).  Therefore,  to  evaluate  the  i ntermo 1  ecu ! ar 
frequencies  of  liquids  at  their  melting  [Joints,  we  have  modified 
Lindemann's  formula  using  the  surface  tension  of  a  liquid  (8-10). 

In  this  paper,  simple  equations  for  the  isentropic  and  isothermal 
compressibilities  of  molten  salts  at  their  melting  points  ’nave  been 
derived  by  combining  Einstein’s  compress i b i 1 i t v  formula  and  a  modijied 
Lindemann’s  formula  of  the  authors.  In  addition,  the  equation  f.T  iso¬ 
thermal  compressibility  is  compared  with  both  expressions  derived  on, 
the  basis  of  a  statistical  fluctuation  theory,  i.e.  U  lhn-H i 1 1 i a rd 
theory  (10-13),  and  a  hard-sphere  model  (10,11,12). 


DERIVATION  OF  LIQUID  COMPRESSIBILITY 
EQUATIONS  AT  THE  MELTING  POINT 

Einstein  proposed  a  simple  relation  between  the  compressibility  of 
a  solid  and  the  characteristic  frequencies  of  molecules  1 14,15).  The 
relation  may  be  written  as 


v  '  ->|173  urr/6—  T7T  (l) 

where  .  is  the  mean  frequency  of  intermolecul ar  vibration,  M  the  molec¬ 
ular  weight  Uormula  weight),  o  the  density,  ^  the  isentropic  compres¬ 
sibility,  and  Cj  ( i  =  1,  ...»  5)  a  constant  which  is  roughly  the  same 
f or  all  materials. 


According  to  Lindemann,  the  intermolecu la r  frequency  of  solids  at 
their  melting  points  is  given  by 


C;(- 


M  Y'V 


l /: 


(. : ) 


where  Tm  is  the  absolute  melting  temperature,  and  ^  m  the  molar  volume 
at  temperature  Tra. 

Combining  eqns. (1)  and  Id),  wc  have  an  expression  for  isentropic 
compressibility  . 


This  simple  relationship  has  long  been  known  (7).  Figure  1  indicates 
this  relationship  for  various  molten  salts.  As  can  be  seen  ft  urn  Figure 
1,  this  relationship  is  not  satisfactory  at  all,  though  it  is  said  that 
the  relationship  holds  approximately  for  liquids  at  or  near  their  melt¬ 
ing  points  (7).  Incidental ly,  on  the  basis  of  the  relationship  in  Fig¬ 
ure  l,  molten  salts  can  be  divided  into  some  groups.  For  example, 
alkali  halides  lie  on  their  own  straight  line.  The  need  for  this  clas¬ 
sification  can  be  attributed  to  the  types  of  intermolecul ar  forces  pres¬ 
ent  within  these  molten  salts. 

Since  Lindemann' s  melting  formula  is  inadequate,  e  n.(l)  would,  as 
a  result,  also  seem  to  be  inadequate.  The  average  frequency  of  inter- 
molecular  vibration  of  liquids  at  their  melting  points  is  reasonably 
given  by  Lindemann *s  formula  as  modified  by  the  authors  (8-lo).  The 
modified  Lindemann* s  formula  is 


where  Y  is  the  surface  tension  of  a  liquid  at  its  melting  point.  (The 
value  of  (\  is  approximately  h.8  *  10*  1  for  pure  liquid  metals  (1^1). 


147 


Combining  eqns.(l)  and  (4),  we  have  a  simple  expression  for  the 
isentropic  compressibility  of  a  liquid  at  its  melting  point. 


<S 


Y 


(5) 


Figure  2  shows  this  relationship.  As  is  clear  from  Figure  2,  eqn. (S) 
provides  good  results  for  various  molten  salts  with  a  slope  of  6.0  *  1 0” 1 c 
(mol*/3)  as  the  constant  of  proportionality  between  isentropic  compres¬ 
sibility  and  the  grouping  (Vm*/3/Y). 

It  may  be  expected  that  the  compressibility  of  molten  salts  is 
roughly  given  as  a  function  of  the  reciprocal  of  surface  tension,  since 
molten  salts  have  similar  values  of  Vm*'3.  Figure  3  indicates  a  correla¬ 
tion  between  the  isentropic  compressibility  and  the  reciprocal  of  sur¬ 
face  tension  of  molten  salts  at  their  melting  points.  As  can  be  seen, 
the  expected  correlation  is  roughly  true  for  molten  salts. 

The  isothermal  compressibility  can  easily  be  calculated  using  the 
well-known  thermodynamic  relationship  (17) 

kt  =  (|^)  (6) 

where  Cp  and  Cv  are  heat  capacities  “t  constant  pressure  and  constant 
volume,  respectively.  As  exhibited  in  Figures  4  and  5,  the  values  of 
Cp/Cv  are  approximately  equal  to  1.45  for  all  molten  salts  at  or  near 
their  melting  points.  (The  values  of  Cp/Cv  are  about  equal  to  1.15  for 
all  liquid  metals  (17,18).) 


Substituting  eqn.  (3)  into  eqn.  (ft),  we  have  an  expression  for  the 
Isothermal  compressibility  of  molten  salts  at  their  melting  points. 


or 


_  C5CpVml/3 


8.7  x  lQ-'f'Vm1/3 
Y 


(in  SI  units) 


(7) 


<tY  a  8.7«  1 0- 1 L vm l/3 


(8) 


According  to  Cahn-Hilliard  theory  based  on  a  statistical  fluctua¬ 
tion  in  number  density,  the  product  of  the  isothermal  compressibility 
and  surface  tension  of  a  liquid  near  its  triple  point  is  expressed  as 
(10-13) 


ictY  ^  7  *  !(T2L  (9) 

where  L  is  the  surface  (interface)  thickness. 


An  analogous  expression  to  eqn. (9)  has  been  proposed  on  the  basis 
of  a  hard-sphere  model,  and  is  given  by  (10-12) 
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*tY 


a(2  -  3n_j-  n3) 
4(1 +  2n)2 


(10) 


where  a  is  an  effective  molecular  diameter,  and  *  the 
Near  the  triple  point,  with  n  taken  as  0.45  (it  would 
value  of  n  for  liquids  is  roughly  equal  to  0.45  over  a 
temperature  (IQ-21),  eqn.  (10)  yields  approximately 


packine  fraction, 
appear  that  the 
wide  range  of 


ic-pY  2=  5  x  10  2a 


(10 


Eqn. (8)  by  the  authors  is  similar  to  independently  derived  relations, 
eqns. (9)  and  (11). 


From  eqns. (8).  (9),  and  (11), 
a,  respectively. 

L  Cr  1.2 

a  1.7 


have  simple  expressions  for  L  and 


ro 

E 

CO 

1 

O 

(12) 

10_8Vm1/3 

(13) 

Using  these  equations,  the  surface  thickness  and  the  effective  molecular 
diameter  can  be  evaluated  from  the  molar  volume,  which  can  be  measured 
experimentally. 


CONCLUSIONS 

(1)  Simple  equations  for  the  isentropic  and  isothermal  compressi¬ 
bilities  of  molten  salts  at  their  melting  points  have  been  derived  by 
combining  Einstein's  formula  and  a  modified  Lindemann's  melting  formula 
by  the  authors.  These  equations  are  similar  to  the  relations  derived 
from  dissimilar  routes. 

(2)  The  surface  thickness  and  the  effective  molecular  diameter  of 
molten  salts  can  be  evaluated  from  the  molar  volume  obtained  experimen¬ 
tally. 
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figure  1.  The  isentropic  compressibilities  of  molten  salts  at 
their  melting  points  as  a  function  of  (Vm/Tm) . 

Identif ication  numbers  are: 


1.  LiF  2. 

NaF 

3. 

KF  4.  LiC. 

SaC . 

6 .  KC .  7 . 

8.  Nal  9. 

KI 

10. 

LiBr  11.  N'aBr 

12.  KBr 

13.  CsBr 

14.  MgCi2 

15. 

MgBr  2 

16.  Mgl2 

17. 

CaC,.- 

18.  CaBr  - 

19.  Cal2 

20. 

SrCi2 

21.  SrBr^ 

22. 

Srl;‘ 

23.  BaCl.;.' 

24.  BaBr2 

25. 

Ba  1 2 

26.  ZnC,  ~ 

27. 

Znl 

28.  CdC ■ 

29.  CdBr2 

30. 

Cdl2 

31.  HgC,2 

32. 

HgBr. 

33.  Hgi; 

34.  PbCi2 

35. 

LiN03 

36.  NaN03 

37. 

.  KN0-, 

38.  AgNO  3 

Open  circles  represent  alkali  halides  in  Figures  1  to  5.  Data, 
except  for  those  for  MgC,2,  are  taken  from  lanz  (0.  .1.  Janz, 

Molten  salts  handbook,  252  (1967),  Academic  Press,  New  York). 

Data  for  MgC:2  from  Ejima  and  Ogasawara  (T.  F.jima  and  M.  Ogasawara 
J.  Japan  Inst.  Metals,  41,  778  (1977)), 
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Figure  2.  The  isentropic  compress i b il i t ies  oi  molten  salts  at 
their  melting  points  as  a  function  of  (Vm*'^/Y). 

Identification  numbers  in  Figures  2  to  5  are  the  same  as  those 
in  Figure  1. 


01- 


Y  1  /  N  m 


Figure  3.  The  isentropic  compressibilities  of  molten  salts  at 
their  melting  points  as  a  function  of  (1/Y). 
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Figure  5.  Isothermal  compressibilities  vs.  i sen  tropic  conpre 
sibilities  for  various  molten  salts  at  or  near  their  melt  in e 
points.  The  constant  of  proport  ional  i  tv  between  *  j-  and  1 

Cp/Cv,  is  equal  to  1.46. 

Open  and  closed  circles  denote  alkali  halides  and  nitrates  at 
their  melting  points,  respectively. 

Squares  denote  other  salts  at  107'IK  (the  ratios  of  107  JK  to 
their  melting  temperatures,  i.e.  1075/T^,  are  between  1.0  and 
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ABSTRACT 

Sulfide  capacities  of  Na20-Si02  melts  at  1473  and  1623  K  were  calcu¬ 
lated  a  priori  from  a  model  using  free  energies  of  formation  of  Na2S 
and  Na20  and  the  activities  of  Na20  in  the  binary  Na20-Si02  melts. 
Our  calculations  are  in  excellent  agreement  with  available  experimen¬ 
tal  data  and  appear  to  be  more  more  accurate  than  currently  used 
empirical  predictions  of  sulfide  capacities,  based  on  correlations  with 
optical  basicities  using  Pauling  electronegativities. 


INTRODUCTION 

Recently,  in  industrial  steelmaking,  there  has  been  increasing  interest  in  treat¬ 
ing  hot  metal  with  soda  ash  because  it  provides  the  possibility  of  removing  sulfur 
and  phosphorus  from  hot  metal  simultaneously.  More  attention  has  been  paid  to 
desulfurization  than  to  dephosphorization.  Sulfide  capacities  (which  are  a  mea¬ 
sure  of  the  ability  of  a  slag  to  remove  sulfur  from  metal)  of  Na20-Si02  melts  were 
experimentally  determined  by  several  investigators. (1-10)  Comparison  of  the  ex¬ 
perimental  data  showed  poor  agreement  among  the  various  investigators,  and  also 
data  are  available  only  in  a  limited  range  of  slag  composition  and  temperature. 
A  number  of  empirical  correlations  have  been  proposed  between  sulfide  capacity 
and  the  basicity  of  slags.  Very  recently,  we  showed  that  sulfide  capacities  can 
be  calculated  a  priori ,  based  on  a  simple  solution  model  and  on  a  knowledge  of 
the  chemical  and  solution  properties  of  sulfides  and  oxides.  (11,12)  Predictions  of 
sulfide  capacities,  based  on  empirical  correlations  with  basicity  or  optical  basicity 
are  far  less  accurate  than  those  deduced  from  our  method.  In  this  paper,  we 
present  calculations  of  sulfide  capacities  of  Na20-Si02  melts  at  the  temperatures 
1473  and  1623  K. 
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THEORETICAL  CONSIDERATIONS 
The  sulfide  equilibrium  reaction  can  be  written  as 

Na2O(0  -  l/2S2(g)  ^  Na2S(0  -  l/202(g)  (l) 


The  equilibrium  constant  for  reaction  (1)  is  given  by 


K.\a  - 


a.\a2S 

a.N'a.O 


(2) 


Fincham  and  Richardson  (13)  defined  the  sulfide  capacity,  C5,  in  terms  of  mea¬ 
surable  quantities 

C-(^S)(^)’2  (3) 

Combining  equations  (2)  and  (3),  the  following  relation  can  be  obtained 


Os  =  K^a  •  a^ajO  • 


(wt^cS) 

aNa2S 


(4) 


Equation  (4)  can  be  used  to  calculate  Cs  with  the  knowledge  of  K.va'  li.\n!0<  and 
a  method  of  obtaining  the  relation  between  a,v02s  and  (wt  T  S).  The  method  of 
obtaining  this  relationship  and  calculating  Cs  has  been  fully  discussed.  (11.  12) 

For  basic  melts  in  the  composition  range  0  <  Xsio2  <  0.33SiO2  in  the  Na20- 
Si02  binary  system,  the  solution  is  considered  to  be  a  terna-y  mixture  of  Na20. 
Na^Si04,  and  Na2S.  The  equation  for  C.c  can  then  be  written  as 


Cs 


100  •  Ws  •  Kxa  ■  a>a2o 


l_  2Xsio2  \ 

w  ) 


(3) 


where  VV  is  the  average  molecular  weight  of  the  solution  and  where  \V,  is  the 
molecular  weight  of  the  compound  i. 

For  the  composition  range  0.33  <  Xsio2  <  0.5  Si02  in  the  Na20-Si02  system, 
the  solution  is  a  mixture  of  sulfide  anions  with  silicate  polymer  anions.  Using 
polymer  solution  theory,  we  obtain  an  equatior  for  Cs  written  as 

Cs  =  100  \V„  •  Kn.  •  a.VajO  •  f  *—  )  (0) 

VV  \  aNa2s  / 

where  $s  is  the  volume  fraction  of  S2~  sites  defined  here  as  $s  ~  ng/nsi,  n,c 
is  the  number  of  monomer  sulfide  sites  anil  n.s,  is  the  number  of  polymer  sites. 
The  relationship  between  $s  and  a ,vo3S  was  obtained  from  the  adaptation  of 
Flory’s  approximation  for  polymer-monomer  mixtures  to  silicate  melts.  (14)  One 
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temperature  and  for  X\a,o  •  0.9,  the  sulfide  capacity  increases  with  an  increase 
in  temperature.  However,  the  effect  of  temperature  on  sulfide  capacity  is  not  very 
large.  This  observation  can  be  explained  by  considering  two  independent  factors. 
K\a  and  ay,.o-  At  higher  concentrations  (i.e..  axajo  1).  the  equilibrium  con¬ 
stant,  K\a,  governs  the  temperature  dependence  of  the  sulfide  capacity;  whereas, 
at  low  concentrations  of  Xa20  in  Xa20-SiO,;  melts,  the  differences  of  the  activity 
of  X a 2 O  predominately  control  the  temperature  dependence  of  sulfide  capacities 
(i.e.,  the  activity  of  Xa20  increases  with  an  increase  in  temperature). 

A  comparison  of  these  sulfide  capacities  with  the  sulfide  capacities  of  other 
binary  systems,  which  were  calculated  in  our  previous  publications,  (11,12)  is 
presented  in  Table  II.  Although  these  cannot  be  compared  directly  because  of 
temperature  differences,  it  is  clear  that  the  sulfide  capacities  of  hypothetical  pure 
molten  Xa20  is  higher  than  all  the  other  oxides.  However,  for  a  composition 
of  X«io2  >  0.33,  the  sulfide  capacities  arc  higher  than  those  in  the  CaO-Si02 
and  MgO-SiO'.>  systems  and  lower  than  those  in  the  MiiO-SiC2  and  FcO-SiOj 
systems.  With  an  increase  in  the  Si02  concentration,  the  sulfide  capacities  of 
Xa20-Si02  solutions  decrease  very  significantly  because  of  the  very  large  decrease 
in  the  activities  of  Xa20. 

From  our  results,  it  is  clear  that  sulfide  capacities  of  slags  are  directly  related 
to  two  independent  quantities,  (l)  the  equilibrium  constant,  K>;a.  and  (2)  the 
activity  of  Xa20.  This  leads  to  the  conclusion  that  sulfide  capacities  cannot  be 
empirically  correlated  using  a  single  parameter,  such  as  basicity,  but  needs  to 
be  predicted  in  a  more  fundamental  manner,  using  known  thermodynamic  data 
and  data  on  solutions.  This  point  ran  be  illustrated  by  a  comparison  of  the 
available  data  and  our  predicted  sulfide  capacities  of  Xn20-Si02,  with  those  based 
on  empirical  concepts  of  optical  basicity  proposed  by  Sosinsky  and  Sommerville. 
(22)  These  are  given  at  1023  and  1473  K  in  Figures  la  and  lb.  As  can  be  seen 
from  the  figures,  empirical  optical  basicity  values  differ  significantly  from  the 
experimental  data  and  from  our  results  at  the  compositions  and  temperatures 
considered. 


CONCLUSIONS 

The  method  we  propose  for  calculating  C.<,-  in  slags  a  priori  is  shown  to  be 
in  very  good  agreement  with  available  experimental  data.  The  sulfide  capacities 
of  Xa20-Si02  melts  are  directly  proportional  to  two  independent  factors  (a)  the 
equilibrium  constant  K\a  and  (b)  the  activity  of  \a20,  and  cannot  be  empirically 
correlated  with  any  single  parameter,  such  as  basicity. 
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Table  I.  Free  Energy  of  Formation  of  Na2S  and  N a20 
(AG^)  cal /mole 


1473  K 

1623  K 

Xa2S 

-49,195 

-31.137 

Xa20 

-41.913 

-33,257 

AG°  (reaction  (1)) 

-7.232 

-G.G09 

KS, 

12.03 

7.7C 

i  n.' 


Table  II.  Sulfide  Capacities  of  Binary  Silicate  Sla«»s 


System 

Mole  Percent  Basic 

Oxide 

100 

50 

50  (expt) 

1923  K 

CaO-SiOj 

0.470 

1.45x10  •' 

2.01x10  1  ( 10.20) 

MuO-SiOi 

0.140 

4.21x10  3 

3.35x10  '(IS) 

FcO-SiOj 

8.03x10- 2 

7.52x10  * 

MgO-SiOj 

1.41x10  - 

0.09x10  '* 

8.05x10  H-l) 

MgS(soIid) 

1773  K 

Ca()-Si(). 

0.290 

4.18x10  5  7 

.80x10  "’(17.19.20) 

MnO-Si()2 

7.91x10  2 

2.35x10  * 

2.11x10  3(1S) 

FeO-SiO. 

4.50x10 " 2 

3.73x10  1 

3.89x10  1(18) 

(51 .07  unde  ) 

MgO-S)Oj 

7.70x10  3 

4.02x10 

MgS  (solid) 

1023  K 

.\n,0-Si02 

401 

9.52x10 

3.98x10  3(10) 

1473  K 

Nn20-Si02 

022 

3.81x10  4 

3.75x10  4  (9) 
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ABSTRACT 

The  structures  of  molten  KF-KX(X=Ci,  Br,  and  I) 
systems  with  the  common  cation  were  investigated  by 
an  X-ray  diffraction  method  and  the  short  range 
structures  obtained  were  compared  with  those  found 
in  the  pure  melts  and  the  molten  alkali  halide 
mixtures  with  the  common  anion.  The  nearest  neigh¬ 
bor  configurations  of  the  unlike  ion  pairs  were 
similar  to  those  in  the  pure  melts.  On  the  other 
hand,  the  nearest  distances  between  like  ions  changed 
by  mixing,  as  well  as  the  systems  with  the  common 
anion . 


1 . INTRODUCTION 

In  recent  years,  molten  alkali  halide  mixtures  have 
been  proposed  for  use  as  heat  transfer  medium  and  as  elec¬ 
trolyte  in  molten  salt  batteries.  The  structure  of  the 
meLt  is  important  information.  However,  although  there 
have  been  many  studies  on  the  structures  of  the  pure  melts, 
only  a  few  studies  on  the  structures  of  the  mixture  melts 
have  been  carried  out.  Therefore,  there  are  few  data  to 
discuss  the  properties  of  the  melts  based  on  microscopic 
observation. 

Okada  et  al.(l)  investigated  the  structure  of  molten 
LiCl-KCl(eutectic  composition)  system  by  the  X-ray  diffrac¬ 
tion  analysis  with  the  aid  of  molecular  dynamics  simula¬ 
tion.  According  to  the  report,  the  nearest  neighbor+dis- 
tances  of  the  unlike  ion  pairs  such  as  Li  -Cl”  and  K  -Cl 
were  almost  the  same  as  those  in  the  pure  melts.  On  the 
other  hand,  the  nearest  distances  of  the  like  ion  pairs 
such  as  K+-K+  and  Cl'-Cl"  etc.  changed  by  mixing.  Recent¬ 
ly,  Igarashi  et  al.(2)(3)  investigated  the  structures  of 
molten  Li F-NaF( 3: 2)  ,  LiF-KF(l:l),  and  Li F-KF-NaF( eu t ec t ic 
composition),  called  FLINAK,  systems  by  the  X-ray  diffrac¬ 
tion  analysis  and  obtained  1  similar  conclusion.  They 
were  all  the  mixtures  with  the  common  anion.  The  similar 


Ifi1) 


results  can  also  be  expected  in  the  mixtures  with  the 
common  cation. 

In  this  work,  we  chose  molten  KF-KX(X=Cl,Br,  and  IJ 
systems,  which  contain  K  ion  as  the  common  cation.  I'he 
mole  ratios  were  r:l  for  KF-KC1  and  KF-KBr  systems,  and  1:2 
for  KF-KI  system,  which  were  close  to  each  eutectic  compo¬ 
sition. 


2. EXPERIMENTAL 


Chemicals  KF,  KC1,  KBr,  and  KI  were  of  analytical 
reagent  grade  and  were  dried  at  400  °C  under  reduced  pres¬ 
sure  for  10  hours.  They  were  weighed  to  the  prescribed 
composition  in  an  atmosphere  of  dried  \i  gas,  and  mi ><-•<.:  in  a 
platinum  crucible.  Experimental  temperatures  were  660  °C. 
for  KF-KC1  system,  700  °C  for  KF-KBr  system,  and  600  °C  for 
KF-KI  system. 

Prior  to  the  measurement,  the  moisture  was  removed 
thoroughly  from  the  air-tight  sample  chamber.  The  measure¬ 
ment  was  carried  out  in  an  atmosphere  of  dry  He  gas.  The 
temperature  was  controlled  to  maximum  error  of  10  °C.  X- 
ray  scattering  intensity  was  measured  on  a  diffractometer 
having  0-6  type  parafocusing  reflection  geometry  usingMoKx 
beam.  Scattering  beam  was  monoc h roma t  i  zed  with  a  curved 
graphite  crystal.  Intensity  data  were  collected  over  the 
range  of  scattering  angle  3°  to  54°  for  KF-KC1  and  KF-KBr 
systems,  and  4°  to  5°  for  KF-KI  system,  respectively. 
These  values  correspond  to  14.3  and  12.5  as  the  maximum  ? 
value  defined  bv  the  following  equation. 

27  =  sin  0/X, 


where  20  is  the  scattering  angle,  and  X  is  the  wavelength. 

The  corrections  for  background,  polarization,  absorp¬ 
tion,  and  Compton  radiation  were  applied  to  the  observed 
data  by  usual  methods(5).  Corrected  data  were  scaled  to 
the  independent  scattering  factor  for  stoichiometric  unit 
by  the  combined  use  of  the  hwh  angle  region  method  and 
K r ogh- M oe - No r ma n  method.  The  reduced  intensity  function 
Si(S)  and  the  correlation  function  i(r)  were  calculated  by 
the  f o 1 1 o w ing  equa t icns. 


I(/Oj 


G(r)  =  1  -T  - 


S  •  i{S)  sin  (r.V)  d .S', 


5  •  i(S)  =  S[/""(S)/E  fl{S)~  I], 

m 


and 


(Jo  =  (£  Rnfp 0- 

ni 

_  "j 

where  p o  is  the  number  of  stoichiometric  unit  per  A  ,  Km 
the  effective  electron  number  in  the  atom  m,  f_  the  inde¬ 
pendent  scattering  intensity,  IctXs)  the  total  coherent 
intensity,  and  Smax  the  maximum  value  of  S  reached  in  the 
experiment . 

Parameters  used  in  the  ca leu  la t ions  are  listed  in  Table 

l . 


3. RESULTS 


(l)KF-KCl(l:  1)  system 

S i ( S )  and  G(r)  curves  for  molten  KF-KC1(1:1)  system  at 
660  °C  are  shown  in  Figs.  1(a)  and  2(a),  respectively. 
G(r)  has  the  peaks  at  r=3.10,  3.70,  and  4.05  A,  and  the 
shoulder  at  near  2.60  A. 

Zarzycki(6)  investigated  the  structure  of  the  pure  KF 
melt  and  reported  that  the  nearest  neighbor  distance  of  K+- 
F”  interaction  was  2.65  A.  Takagi  et  al.(7)  reported  that 
the  nearest  neighbor  distance  of  K+-C1*  interaction  was 
3.05  A  in  the  pure  K’Cl  me  It.  From  those  results,  the 
shoulder  at  near  2.60  A  and  the  peak  at  3.10  A  seem  to 
correspond  to  the  nearest  K  +  -F*  and  K+-C1”  interactions, 
respectively.  The  peaks  at  3.70  and  4.05  A  seem  to  due  to 
the  interactions  of  the  like  ion  pairs  such  as  K+-K+  and 
Cl- -Cl*.  In  order  to  separate  and  determine  those  contri¬ 
butions,  the  following  equation  proposed  by  Narten  et 
al.(8)  was  applied  to  the  observed  Si(S)  curve  beyond  S  =  2.0 

A"  1 

=  E  E  fi(s)/k{S)  exp  S1)  ,,)/r, „.fyk 

i-i  t 

where  represents  the  number  of  interaction  between 

ions  i  and  k,  b;^  the  temperatuce  factor,  and  r  ^  ^  the 
average  distance  between  ions  i  and  k. 

Structural  parameters  were  obtained  by  the  least 
squares  method.  Those  are  listed  in  Table  2.  The  nearest 
distances  of  K  - F*  and  K+-C1*  interactions  were  2.62  and 
3.13  A,  and  these  values  were  almost  the  same  as  those  in 
the  pure  melts.  On  the  other  hand,  the  nearest  distances 
of  K  -K+  and  C1“-C1*  interactions  were  4.02  and  3.69  A,  and 
these  values  were  shorter  than  those  in  the  pure  melts. 

The  calculated  Si(S)  curve  is  shown  in  Fig.  ‘(a). 
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(2)KF-KBr(l:  1)  system 


Si(S)  and  G(  r )  curves  for  molten  KF-KBr(l:l)  system  at 
700  °C  are  shown  in  Figs.  1(b)  and  2(b),  respectively. 
G(r)  has  the  peak  at  3.25  A,  and  the  shoulders  at  near  2.70 
and  4.15  A. 

The  shoulder  at  2.70  A  seems  to  correspond  to  the 
nearest  K+-F”  interaction.  According  to  the  study  on  the 
structure  of  the  pure  KBr  melt  by  Ohno  et  al.(9),  the 
nearest  distance  of  K  -  B  r  ”  interaction  was  3.18  A  in  the 
G(r).  The  peak  at  3.25  A  seems  to  correspond  to  that 
interaction.  The  shoulder  at  near  4.15  A  seems  to  due  to 
the  interactions  of  the  like  ion  pairs. 

As  well  as  the  foregoing  system,  the  least  squares 
fitting  was  applied  to  the  observed  Si(S)  curve  beyond 
S=2.0  A*1,  and  the  structural  parameters  were  obtained. 
Tliose  are  listed  In  Table  3.  The  nearest  distances  of  K  - 
F  and  K'-Br~  interactions  were  in  good  agreement  with 
those  in  the  pure  melts,  while  those  of  K+~K  +  and  Br”-Br~ 
interactions  were  4.12  and  4.23  A  ,  and  these  values  were 
shorter  than  those  in  the  pure  melts. 

The  calculated  Si(S)  curve  is  shown  in  Fig.  1(b). 

( 3) KF- K I (  1 : 2)  system 

Si(S)  and  G  ( r )  curves  for  molten  KK-KI(1:2)  system  at 
600  °C  are  shown  in  Figs.  1(c)  and  2(c),  respectively. 
G(r)hasthe  peak  at  3.5  5  A,  and  the  shoulders  at  2.  o  5  A  and 
near  4.70  A. 

The  shoulder  at  2.65  A  seems  to  correspord  to  the 
nearest  K  +  -  F”  interaction.  The  peak  at  3.55  A  seems  to 
correspond  to  K  +  -I~  interaction.  The  distance  of  this 
interaction  reported  by  Antonov(lO)  was  3.52  A.  The  shoul¬ 
der  at  near  4.70  A  seems  todue  to  the  interactions  of  the 
like  ion  pairs. 

The  curve  fitting  for  the  observed  S  i  ( S )  as  well  as 
the  foregoing  two  systems  was  carried  out.  In  the  calcula¬ 
tion,  the  contribution  of  K-K+  interaction  to  the  total 
intensity  was  so  small  that  it  was  neglected  and  only  I“-I” 
interaction  was  considered  as  the  interaction  of  the  like 
ion  pair.  The  structural  parameters  obtained  are  listed  in 
Table  4.  The  nearest  distances  of  the  unlike  ion  pairs 
were  almost  the  same  as  those  in  the  pure  melts,  while  that 
of  I”-I~  interaction  was  4.64  A.  This  value  was  slightly 
shorter  than  that  in  the  pure  melt. 

The  calculated  Si(S)  curve  is  shown  in  Fig.  1(c). 


4. DISCUSSION 

Some  experimental  studies  on  the  structures  have  been 
performed  for  alkali  halide  pure  and  mixture  melts,  and  are 


listed  in  Table  5.  The  nearest  neighbor  distances  of  K  +  -X” 
(X=F,  Cl,  Br,  and  I)  interactions  obtained  were  found  to  be 
almost  the  same  as  those  in  the  pure  melts  and  the  mixture 
melts  with  the  common  anion  such  as  LiCl-KC.1  and  LiF-KF 
systems.  The  distances  of  the  like  icn  pairs  were  found  to 
be  slightly  shi'rtcr  than  those  in  the  pure  melts.  These 
results  show  that  the  conclusion  reported  for  the  mixture 
melt  of  alkali  chlorides  by  Okada  et  al.  and  for  the  mix¬ 
ture  melts  of  alkali  fluorides  by  Igarashi  et  al.  applied 
well  to  the  present  systems.  The  nearest  neighbor  struc¬ 
ture  of  the  unlike  ion  pair  unchanged  by  mixing,  while  the 
nearest  distance  of  the  like  ion  pair  changed. 

Moreover  influence  of  temperature  should  be  consid¬ 
ered  in  connection  with  the  results  in  this  work,  because 
the  experimental  temperature  in  each  system  is  considerably 
lower  than  the  melting  point  of  the  constituent  salt.  As 
shown  in  Table  5,  it  seems  that  the  nearest  neighbor  struc¬ 
tures  between  unlike  ions  were  not  appreciably  influenced 
by  the  temperature,  while  the  nearest  distances  between 
like  ions  obviously  became  shortened  with  a  decrease  of 
temperature.  Molar  volume  of  the  melt  is  relatively  sensi¬ 
tive  to  the  structure,  and  generally  .!«.  iv  ~  as  tempera¬ 
ture  'irons.  The  decrease  of  the  second  interionic  dis¬ 
tance  seems  to  be  occurred  with  the  decrease  of  the  molar 
volume . 


5. CONCLUSION 

( 1 )  I n  the  mixture  melts  with  the  common  cation,  as  well  as 
the  melts  with  the  common  anion  the  nearest  neighbor  struc¬ 
tures  between  unlike  ions  were  similar  to  those  in  the  pure 
melts. 

(2)  The  nearest  distances  between  like  ions  were  slightly 
shorter  than  those  in  the  pure  melts.  This  fact  is  asso¬ 
ciated  closely  with  the  temperature,  and  p  ru  1  v  1  s  the 
decrease  of  the  molar  volume. 
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2  Correlation  func  tions  (J ( r ) 

(.1)  K F - KC  1(1:1)  system  .it  oeii'C 

(b)  KF-KBr(l:l)  system  it  Tilt)'  (' 

(c)  KF-KI  (1:2)  system  it  oflllT 
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ABSTRACT 

Structure  of  molten  CaC^-KCl  mixtures  with  the 
compositions  of  1:1,  1:2,  ana  1:3  as  mole  ratio  of 
CaCl2  to  KC1  was  investigated  by  the  radial  distribu¬ 
tion  function  based  on  X-ray  diffraction  intensities 
and  was  analyzed  by  the  correlation  _method.  +  The 
nearest  neighbor  distances  of  Ca^  -Cl"  and  K  -Cl” 
pairs  in  the  three  melts  were  2.76-2.78  and  3.08  A, 
respectively.  The  first  coordination  number  of  the 
K  -Cl  pair  was  ca.  4  in  the  three  mixtures.  On  the 
oth^r  hand,  the  coordination  number  of  the  nearest 
Caz  -Cl  pair  increased  from  5.5  for  the  1:1  melt  to 
5.8  for  the  1:3  melt._  Similarly,  a  slight  increase 
of  the  nearest  Cl  -Cl  distance  was  observed.  These 
results  suggest  that  the  Ca^  ions  surrounded  octahe- 
drally  by  the  Cl  ions  increase  with  increasing  KC1 
concentration . 


INTRODUCTION 

A  number  of  physicochemical  properties  on  molten  CaCl2- 
KC1  system  have  been  investigated[ 1-13] ,  but  a  concordant 
conclusion  on  the  structure  of  the  melt  has  not  yet  obtain¬ 
ed  from  their  studies.  Emons  et  al.[l-4]  have  suggested 
the  existence  of  the  complex  species  such  as  CaC14  and 
CaCl,  ”  ions  in  the  melt.  On  the  other  hand,  Grjotneim  et 
al.[5-8]  have  considered  that  the  molten  CaCl^-KCl  system 
does  not  deviate  significantly  from  random  cation  mixture. 
A  similar  conclusion  has  also  been  reported  by  Ejima  et 
al . [ 9 , 10 ] . 

Brooker[l4]  h.is  studied  the  structure  of  molten 
CaCl2-CsCl(l:2)  sys  tern  by  Raman  spectroscopy  and  reported 
the  existence  of  tetrahedrally  shaped  species. 

Raman  spectrum  for  molten  CaCl2-KCl( 1 : 2 )  mixture  at 
600  °C  has  been  measured  by  Umesaki[13]j  in  which  the  Raman 
bands  have  been  observed  at  110-300  cm  .  He  has  suggested 
that  these  bands  observed  are  attributable  to  an  octahedral 


complex  species  formed  in  the  melt. 

In  the  previous  study[l6],  we  analyzed  by  an  X-ray 
diffraction  method  the  structure  of  the  (CaCl^)  -(NaCl)j_x 
melts  with  the  compositions  of  X=2/3,  1/2,  ana  1/3.  iIn 

these  molten  mixtures,  the  coordination  number  of  Cl~  ions 
around  a  Caz  ion  was  found  to  be  about  six. 

In  the  present  paper,  the  structures  of  molten  CaCl?- 
KCl(mole  ratios  1:1,  1:2,  and  1:3)  mixtures  were  investi¬ 

gated  by  the  X-ray  diffraction  analysis. 


EXPERIMENTAL 

CaCl2  and  KC1  of  analytical  reagent  grade  were  used 
and  driedzby  heating  under  reduced  pressure  for  7-8  hours. 
Prescribed  amounts  of  CaCl2  and  KC1  were  weighed  in  a  dry 
box  and  melted  in  a  fusea  silica  crucible  under  argon 
atmosphere  at  temperature  above  melting  point  according  to 
the  phase  diagram[17].  After  mixing  for  10  min.,  the  melts 
were  quenched  to  prevent  the  segregation. 

X-ray  scattering  intensities  were  measured  by  an  X-ray 
diffractometer  having  a  parafocusing  reflection  geometry, 
with  a  curved  graphite  monochromator.  The  observable 
ranges  of  the  scattering  angle  were  3°5055O0  for  the  1:1 
mixture  and  3°i0248°  for  the  others,  corresponding  to  the 
ranges  from  0.93  to  13.5(13.0)A  in  S(S=4jrsin0/A)  for  MoK. 
radiation(A=0. 7107  A).  The  measurements  were  made  by  using 
a  step-scanning  technique  with  fixed  count.  The  experimen¬ 
tal  temperatures  were  785  °C  for  the  1:1  melt,  750  °C  for 
the  1:2  melt,  and  650  °C  for  the  1:3  melt  and  were  main¬ 
tained  within  maximum  error  8  UC  by  a  temperature  con¬ 
trolled  device. 

The  experimental  intensity  data  were  corrected  for 
background,  polarization,  absorption,  and  Compton  radiation 
by  the  usual  methods[18]  and  were  normalized  to  the  inde¬ 
pendent  scattering  factor  for  the  stoichiometric  unit  using 
both  the  Krogh-Moe-Norman[ 19 , 20]  and  high  angle  region 
methods.  The  radial  distribution  function  D(r),  average 
correlation  function  G(r),  and  intensity  function  i(S)  are 
given  by  the  following  expressions, 

D(r)  =  4nrVn(x  ^™)  +  II  (£~)!2 rin  S'l-T)  mu  (rS)  rf.S, 

Ci(r)—  I  I  X  (W/farn,  Z  "  S  US)  sin  (r.T) 

HS)~1,T(S)/YI/US)~\. 

where  PQ  is  the  average  electron  density,  Km  the  effective 
electron,  number  in  the  atom  m,  fm(S)  the  independent  atomic 
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scattering  intensity,  and  I^°^(S)  the  total  coherent  inten¬ 
sity.  The  densities  of  ethese  melts  were  taken  from 
Lillebuen’s  density  data[2l];  1.793  g  cm  J ( 7 8 5  °C)  for  the 
1:1  melt,  1.725(750)  for  the  1:2  melt,  and  1.726(650)  for 
the  1:3  melt. 


RESULTS  AND  DISCUSSION 

Reduced  intensity  curves  S.i(S)  are  shown  in  Fig.  1 
together  with  those  of  molten  KC1[22]  and  CaC^tlb].  A 
slight  shift  to  the  lower  angle  side  and  a  faster  decay  of 
amplitude  of  the  S.i(S)  curves  occurred  with_ jncreasing  KC1 
concentration.  The  small  peak  at  about  3  A  found  in  the 
KC1  melt  have  appeared  as  the  shoulder  at  almost  the  same 
position  in  the  S.i(S)  curves  of  the  mixtures. 

Figure  2  shows  D(r)  curves  and  functions  D(r)/r  ob¬ 
tained  by  Fourier  transformation  of  the  reduced  intensities 
S.i(S).  The  G(r)  -urves  are  shown  in  Fig.  3  together  with 
those  of  molten  KCi  and  CaClj  as  well  as  S.i(S)  curves. 
The  first  peaks  in  G(r)  for  the  mixtures  changed  to  a 
slightly  longer  position  with  increase  of  KCI  concentra¬ 
tion.  And  their  peak  heights  became  progressively  lower. 

(1)  1:1  system 

The  first  and  second  peaks  in  G(r)  as  shown  in  Fig. 
3(b)  were  observed  at  r=2.85  and  3.55  A,  respectively.  It 
seems  that  th|  first  peal£  at_2.85  A  contains  contributions 
from  both  Ca  -Cl  and  K  -Cl  pairs.  Analysis  of  the  first 
peak  of  D(r)  for  pure  melt  gives  the  nearest  neighbor 
distance  and  coordination  number  of  unlike  ion  pair.  How¬ 
ever,  in  a  multi-component  system  with  the  similar  nearest 
neighbor  distances  of  unlike  ion  pairs  it  is  difficult  to 
separate  these  correlations  from  the  analysis  of  D(r).  In 
order  to  determine  these  correlations  quantitatively  the 
correlation  method  based  on  Debye  equation  was  applied  to 
the  observed  S.i(S)  curve.  It  has  been  known[23,24]  that 
in  molten  binary  systems,  the  nearest  neighbor  distances 
and  coordination  numbers  of  unlike  ion  pairs  are  little 
affected  by  mixing.  We,  thus,  set  initial  values  in  this 
calculation  on  the  basis  of  the  short  range  structure  of 
molten  CaCl2[l6,25,26]  and  KCl[22,27-29]2+  The  calculation 
was  performed  for  the  correlations  of  Ca z  -Cl  ,  K  -Cl”,  and 
Cl  -Cl  p^irs  using  the  range  of  the  observed  S.i(S)  beyond 
S=3.5  A  because  other  correlations  have  little  contribu¬ 
tions  in  this  region  of  S.  The  structural  parameters  were 
determined  by  the  least  squares  fit  and  were  shown  in  Table 
1.  The  fit  between  the  calculated  values  and  observed  ones 
was  evaluated  by  R  factor,  which  was  0.33  in  this  calcula¬ 
tion.  Comparison  of  the  calculated  S.i(S)  with  the  ob¬ 
served  one  is  shown  in  Fig.  4(a). 
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+The_nearest  neighbor  distance+and_coordination  number 
of  K  -Cl  pair  and  the  nearest  Ca^  -Cl  distance  in  the  1:1 
melt  were  found  to  be  almost  equal  to  those  in  pure  KC1  ^d 
CaCl2  melts.  But  the  first  coordination  number  of  Caz  - 
Cl*  pair  seems  to  be  slightly  larger  than  that  of  the  pure 
melt.  The  second  peak  position  in  G(r)  is  considerably 
shorter  than  the  analyzed  distance  of  the  Cl"-Cl  pair. 
Tli  is  is  so  because  the  second  peak  has  contributions  from  the 
unlike  ion  pairs.  A  small  fall  between  the  first  and  second 
peaks  suggests  this. 

(2)  1:2  system 

The  first  and  second  peaks  in  G(r)  as  seen  in  Fig. 
3(c)  are  observed  at  2.90  and  3.60  A,  respectively.  These 
are  slightly  longer  than  those  in  the  1:1  system. 

The  three  correlations  as  well  as  the  1:1  mixture  were 
analyzed  by  the  same  method.  The  structural  parameters 

obtained  were  listed  in  Table  2.  The  R  value  in  this  calcu¬ 
lation  was  0.28.  The  comparison  of  the  observed  S.i(S) 
with  calculated  one  is  ^hown  in  Fig.  4(b) 

Surroundings  of  K  ions  in  the  1:2  melt  were  the  same 
as  those  in2£he  1:1  melt.  But  the  first  coordination 
number  of  Caz  -Cl"  pair  tends  to  increase  with  increasing 
KC1  concentration. 

Emons  et  al.[l-4]  have  suggested  from  studief>_of  the 
physical  properties  that  species  such  as  CaCl^  "  anion 
exists  predominantly  in  the  melt  of  this  composition. 
Brooker[14]  has  studied  the  structure  of  molten  CaCl,- 
CsCl(l:2)  system  by  Raman  spectroscopy  and  reported  tne 
existence  of  tetrahedral ly  shaped  species.  The  result  was 
expected  the  formation  of  similar  species  in  the  molten 
CaCl2-KCl( 1 :2)  mixture.  If  the  complex  anion  as  was  ex- 
pe^|ed  exists  in  the  melt,  the  number  of  Cl"  ions  around  a 
Ca  ion  is  four  and  the  second_peak  corresponding  to  the 
contribution  of  the  nearest  Cl  -Cl"  pair  is  predicted  to 
appear  to  the  position  at  r=4.5  A  from  the  distance  ratio 
of  the  tetrahedral  arrangement.  However,  the  assumed  re¬ 
sult  differs  from  the  measured  one.  This  means  that 

very  few  of  tetrahedral  complex  species  are  formed  in 

this  melt.  Our  result  suggests  the  existence  of  octahed- 

rally  shaped  species  rather  than  tetrahedral  species 
as  reported  by  Umesaki[15]. 

(3)  1:3  system 

As  seen  in  Fig.  3(d),  G(r)  has  the  first  peaks  at  2.95 
A  and  broad  second  peak  at  about  3.95  A.  The  short  range 
structure  of  this  melt  was  analyzed  the  same  way.  The 

structural  parameters  determined  are  shown  in  Table  3.  The 
R  value  was  0.28  in  this  calculation.  The  comparison  of 
the  observed  S.i(S)  with  calculated  one  is  shown  in  Fig. 
4(c).  The  result  has  revealed  that  the  surroundings  of  the 
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Table  1  Structural  parameters  of  molten  CaCl;  KC 1 
(1:1)  system  at  78VC 
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Table  2  Structural  parameters  of  molten  I'aCW  KC  1 
(1:2)  system  at  7S(I* C 
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Fuj.  2  Radial  distribution  functions  D(r)  and 
f unct ions  D ( r ) /r . 

a :  1:1,  b ;  1:2,  c ;  1:3. 
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ABSTRACT 

The  structures  of  AI2F7  and  AI2CI7  have  been  investigated  using  ab 
initio  molecular  orbital  theory  including  the  effects  of  polarization 
functions  in  the  basis  sets.  The  A^Fj  ion  is  found  to  have  a  linear 
or  nearly  linear  Al-F-A!  bridge  while  Al2Clf  is  found  to  have  a  bent 
A1-C1-A1  bridge  with  a  significant  barrier  to  inversion  (4  kcal/mol). 
Structures  with  two  and  three  halogen  atoms  in  the  bridge  were  also 
investigated  and  found  to  be  less  stable  than  the  structures  with  one 
halogen  atom  in  the  bridge. 


INTRODUCTION 

The  existence  of  the  Al2Clf  ion  in  chloroaluminate  melts  has  been  investi¬ 
gated  both  experimentally  (1-5)  and  theoretically  (6).  From  Raman  spectroscopic 
studies  (1-3)  it  has  been  concluded  that  Al2Clf  consists  of  two  AlCl^  tetrahe- 
dra  sharing  one  corner.  Infrared  studies  (4)  have  indicated  that  Li+  stabilizes  a 
bent  A1-C1-A1  bridge  while  a  linear  (or  slightly  bent  bridge)  is  preferred  with  the 
larger  alkali  cations.  In  solids  containing  Al2Clf ,  the  bent  bridge  is  preferred  (7). 
A  theoretical  study  (6)  using  the  semiempirical  MNDO  method  has  found  the 
isolated  Al2Clf  ion  to  have  an  A1-C1-A1  bridging  angle  of  125°.  Introduction  of 
counterions  about  the  anion  in  the  calculations  led  to  little  change  in  the  bridging 
angle.  No  spectroscopic  evidence  has  been  reported  for  the  existence  of  Al2Ff 
in  fluoride  melts  as  AIF^  has  been  found  to  be  in  equilibrium  with  octahcdrally 
coordinated  AlFj?-. 

In  the  work  reported  in  this  paper  we  have  used  ab  initio  molecular  orbital 
theory  to  investigate  the  structure  of  the  Al2Ff  and  Al2Clf  ions.  A  previous  ab 
initio  study  (8)  on  a  series  of  AX™-  anions  (A  =  Be,  B,  Mg,  Al;  X  =  F,  Cl) 
has  given  a  good  account  of  the  structural  and  vibrational  properties  of  these 
ionic  species.  We  have  considered  configurations  with  the  AX<  tetrahedra  having 
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corner,  edge,  and  face  bridging,  i.e.,  of  the  type  Al-X-Al,  A1-X2-A1,  and  AI-X3-AI, 
respectively.  The  purpose  of  this  work  was  to  determine  at  a  first  principles  level 
whether  the  A1-C1-A1  bridge  in  A12C1^  is  linear  or  bent  in  the  absence  of  any 
counterions  and  the  relative  energies  of  the  different  bridging  configurations.  The 
Al2Ff  anion  was  included  in  this  study  to  determine  the  effects  of  the  smaller 
anion  size  on  the  bridge  structure.  Comparison  is  made  with  the  results  of  the 
MNDO  calculations  and  the  spectroscopic  studies  on  the  structure  of  the  bridge 
in  A12C1^  . 


THEORETICAL  METHODS 

All  of  the  calculations  were  done  at  the  Hartree-Fock  (HF)  level  of  calculation 
(9).  Three  basis  sets  were  used.  They  are  the  minimal  STO-3G  basis  set  (10), 
the  split-valence  3-21G  basis  (11),  and  the  polarized  split-valence  6-31G*  basis 
set  (12).  The  geometries  of  the  A12F2  and  AI2Clf  anions  were  optimized  at  the 
STO-3G  and  3-21G  basis  set  levels.  The  more  accurate  6-31G*  basis  set  was 
used  to  calculate  the  energies  of  the  3-21G  equilibrium  structures  (referred  to 
e  HF/6-3lG*//HF/3-2lG).  The  STO-3G  and  3-21G  basis  sets  have  previously 
given  reasonable  structures  for  other  aluminum  halide  anions  and  neutral  metal 
halide  complexes  (8,13). 

The  structures  for  A12F^  and  Al2Clf  are  illustrated  in  Fig.  1.  Five  corner 
bridged  Al2Xf  structures,  1  ,  were  optimized:  (a)  a  Dm  structure  with  a  linear 
Al-X-Al  bridge  and  a  staggered  arrangement  of  the  terminal  -AIX3  groups,  (b) 
a  D3/,  structure  with  a  linear  Al-X-Al  bridge  and  an  eclipsed  arrangement  of 
the  terminal  -A1X3  groups,  (c)  a  C,  structure  with  a  bent  Al-X-Al  bridge  and 
a  “staggered”  arrangement  of  -AIX3  groups,  (d)  a  C2t.  structure  with  a  bent  Al- 
X-Al  bridge  and  an  “eclipsed”  arrangement  of  the  -AIX3  group,  and  (c)  a  C2 
structure  obtained  from  the  C2„  structure  by  rotation  of  the  -AIX3  groups  about 
the  Al-Xjr  axes  (X&r  =  bridging  X  atom)  in  opposite  directions.  An  edge-bridged 
structure  having  a  C,  configuration  [Fig.  1,  2(C,)]  and  a  face-bridged  structure 
having  a  C2„  configuration  (Fig.  1,  3(C2„)1  were  also  geometry  optimized  to  assess 
the  energies  of  these  other  bridging  possibilities  relative  to  that  in  the  structures 
of  type  1.  All  of  the  A12X2  structures  were  fully  optimized  within  the  given 
symmetry  constraints  with  the  exception  that  the  angles  between  the  X-Al-X(,r 
planes  were  held  fixed  at  120°  for  each  of  the  terminal  X3AI-  groups  in  the  C,, 
C2,  and  C2t,  structures.  Relaxation  of  this  constraint  led  to  little  change  in  the 
energy  when  tested. 


RESULTS  AND  DISCUSSION 

The  total  energies  of  the  STO-3G  and  3-21G  optimized  structures  of  A12F^ 
and  Al2Cly  are  given  in  Table  I.  This  table  also  contains  6-31G*  energies  at  the 
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3-21G  geometries  (HF/6-31G*//HF /3-21G).  The  relative  energies  of  the  different 
structures  are  tabulated  in  Table  II.  Optimized  geometries  for  the  1(D3^)  and 
l(C,)  structures  of  AI2CI7  and  the  l(D3(j)  structure  of  AljFf  are  given  in  Fig.  2. 
We  now  discuss  the  results  for  the  two  anions. 

Al2Ff.  The  calculations  indicate  that  a  linear  or  nearly  linear  Al-F-Al  bridge  is 
favored  for  AI2F7 .  At  the  3-21G  level  no  minimum  in  the  potential  energy  surface 
was  found  for  the  nonlinear  bridge  structure  l(Ca).  The  geometrical  parameters 
of  the  equilibrium  i(D3<i)  structure  are  given  in  Fig.  1.  The  eclipsed  form  1(D3/,) 
is  0.4  kcal/mol  less  stable  (see  Table  II,  6-31G*)  indicating  a  small  barrier  to 
rotation.  The  smaller  basis  set,  STO-3G,  gives  a  minimum  for  the  nonlinear  Al- 
F-Al  structure  (Al-F-Al  angle  of  158°),  but  it  is  only  0.1  kcal/mol  more  stable 
than  the  linear  D34  structure.  We  also  carried  out  6-31G*  calculations  at  the 
STO-3G  geometries  (HF /6-31G*//HF /STO-3G).  The  results  of  these  calculations 
(not  included  in  Table  I)  indicated  that  the  nonlinear  structure  is  favored  by  0.2 
kcal/mol  when  polarization  functions  are  included  in  the  calculation.  Hence,  the 
6-31G*  results,  which  are  expected  to  be  the  most  reliable,  suggest  that  corner- 
bridged  AI2F7  has  a  nearly  linear  Al-F-Al  bridge  in  the  absence  of  any  counterions. 

The  results  in  Table  II  also  indicate  that  at  the  HF /6-31G*//HF /3-21G  level 
the  AI2F7  structures  with  two  and  three  fluorines  in  the  bridge  are  12.7  and  29.1 
kcal/mol  less  stable,  respectively,  than  the  configuration  with  a  single  fluorine 
in  the  bridge.  The  energy  differences  are  much  less  at  the  STO-3G  and  3-21G 
levels  indicating  that  polarization  functions  are  important  in  obtaining  an  accurate 
description  of  the  bridges. 

AliClj  .  In  contrast  to  A^Ff ,  a  nonlinear  A1-C1-A1  bridge  is  favored  for  AI2CI7 
with  a  significant  barrier  to  inversion.  The  STO-3G  and  3-21G  geometries  of  the 
l(D3i)  and  l(Ca)  structures  for  Al2Clf  are  given  in  Fig.  2.  The  A1-C1-A1  angle 
is  131.6°  (3-21G)  in  the  C,  structure.  The  C2„  structure  illustrated  in  Fig.  1 
has  a  A1-C1-A1  bond  angie  of  137.8°  and  is  0.4  kcal/mol  less  stable  (3-21G)  than 
the  Ca  structure.  We  also  considered  an  alternative  C2V  structure  which  has  both 
-A!C13  groups  rotated  by  180°  from  what  is  shown  in  Fig.  1.  This  configuration  is 
0.7  kcal/mol  less  stable  (3-21G)  than  the  C,  structure.  There  is,  in  addition,  the 
possibility  that  AI2CI7  may  have  a  C2  structure  derived  from  the  1(C2U)  structure 
by  rotation  of  the  -AICI3  groups  in  opposite  directions.  Geometry  optimization  of 
the  C2  structure  for  A^Clif  indicated  that  it  was  nearly  equivalent  in  energy  to 
the  C,  structure  (see  Tables  I  and  II).  The  A1-C1-A1  bond  angle  in  the  C2  structure 
is  132.4°  (3-21G).  The  closeness  in  energy  (0.4  kcal/mol  at  the  3-21G  level)  of  the 
C21),  C2,  and  Ca  structures  reflects  the  small  barrier  to  internal  rotation  in  the 
AI2CI7  anion. 

The  HF/6-31G*/ /HF/3-21G  barrier  to  inversion  from  the  nonlinear  to  linear 
bridged  structure  is  about  4  kcal/mol  if  it  is  taken  to  be  the  difference  between  the 
l(C,)  and  l(D3(j)  structures.  This  is  an  estimated  number  as  it  was  not  possible  to 
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do  the  6-31G*  calculation  on  the  C,  structure  of  AI2CI/.  The  4  kcal/mol  value  for 
the  inversion  barrier  is  estimated  from  the  6-31G*  energy  of  the  l(D3<f)  structure 
relative  to  the  l(C2„)  structure  (3.6  kcal/mol)  (14)  and  the  HF/3-21G//HF /3-21G 
energy  for  the  difference  between  the  Cj  and  C2,,  forms  (0.4  kcal/mol).  The  barrier 
to  inversion  is  much  smaller  at  the  3-21G  level  (1  kcal/mol).  This  indicates  the 
importance  of  the  polarization  functions,  which  are  present  in  the  6-31G*  basis, 
to  the  description  of  the  bridge. 

The  edge-  and  face-bridged  structures  of  AI2CI/  are  40.2  and  47.1  kcal/mol 
less  stable  than  the  corner-bridged  structure  at  the  3-21G  level.  No  further  cal¬ 
culations  were  done  at  the  6-31G*  level  because  these  structures  were  clearly  less 
stable  than  the  corner-bridged  structure. 

The  inversion  barrier  for  structure  1  of  4  kcal/mol  is  close  to  the  value  of  5.2 
kcal/mol  found  by  Davis  et  al.  (6)  using  the  MNDO  semiempirical  method.  The 
two  theoretical  methods  also  find  approximately  the  same  A1-C1-A1  bond  angle 
for  the  free  ion  (131°  from  the  ab  initio  calculations  and  124°  from  the  MNDO 
method).  However,  preliminary  results  (15)  at  the  ab  initio  level  indicate  that 
introduction  of  an  alkali  cation,  which  bridges  the  two  —  AICI3  groups,  significantly 
reduces  the  A1-C1-A1  angle  (30°-40°),  whereas  the  MNDO  calculations  indicate  the 
presence  of  such  a  cation  has  little  effect  on  the  angle  (l°-2°).  The  results  of  both 
sets  of  theoretical  calculations  disagree  with  the  infrared  study  of  Hvistendahl  et 
al.  (5)  who  find  a  linear  or  nearly  linear  structure  for  AI2CI/  in  chloroaluminate 
melts  containing  cations  larger  Li+ .  If  the  predicted  barrier  is  correct  it  is  unlikely 
that  a  linear-averaged  structure  would  be  observed. 

Finally,  we  explore  the  reason  for  the  different  A^Ff  and  A^Clf  structures. 
In  a  classical  picture,  two  of  the  factors  determining  whether  the  Al-X-Al  bridge 
is  bent  or  linear  are  the  Al-Al  repulsion  and  the  polarizability  of  the  halide  anion. 
The  longer  Al-AI  distance  and  larger  anion  polarizability  in  A^Clf  than  in  AI2F/ 
are  consistent  with  the  predictions  here  of  a  bent  bridge  in  A^Clf  and  a  linear 
bridge  in  AI2F/.  This  picture  is  also  consistent  with  the  linear  bridge  found  in 
A^Hf  (16-17)  and  the  bent  bridge  found  in  A^Brf  (18). 


CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  this  ab  initio  molecular  orbital 
study  of  the  structure  of  the  AI2F7  and  AI2CI/  anions. 

1)  The  AI2CI/  anion  is  predicted  in  the  absence  of  any  cations  to  have  a  bent 
bridge  with  an  A1-C1-A1  angle  of  about  131°and  a  barrier  to  inversion  of  4  kcal/mol. 
The  Al-Cl  distance  in  the  bridge  is  about  0.15  A  longer  than  in  the  terminal  -AICI3 
groups.  Three  different  bent  bridge  structures  (C,,  C2,  and  C2„),  all  related  by 
internal  rotation,  differ  by  less  than  0.4  kcal/mol  in  energy. 

2)  The  AI2F7  anion  is  found  to  have  a  linear  or  nearly  linear  Al-F-Al  bridge  with 
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at  most  a  very  small  barrier  to  inversion  (less  than  0.2  kcal/mol).  The  preference 
for  a  linear  bridge  in  A^Ff  is  attributed  to  increased  Al-Al  repulsion  and  smaller 
anion  polarizability  compared  to  that  in  A^Cl;  . 

3)  The  edge-  and  face-bridged  structures  (2  and  3)  are  predicted  to  be  less  stable 
than  the  corner- bridged  structures  for  both  AI2F7  and  AI2CI7  .  For  AUCly  they 
are  less  stable  by  more  than  40  kcal/mol.  For  AI2F7  the  edge-bridged  structure 
is  predicted  to  be  about  13  kcal/mol  less  stable  and  the  face-bridged  structure  29 
kcal/mol  less  stable 
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Table  1.  Total  Energies'*  of  A]2F7  and  Al2Cl7  Anions 


Anion 

Structure 

HF/STO-3G// 

HF/STO-3G 

HF/3-21G// 

HF/3-21G 

HF/6-31G*// 

HF/3-21G 

AljFf 

l  (&3d) 

-1164.62264 

-1174.25585 

-1180.58495 

I  (Dsh) 

-1164.62212 

-  1174.25510 

-1180.58439 

I  (c.) 

-1164.62275 

_ b 

-- 

I  (C2,) 

-1164.62213 

_ C 

-- 

2  (C.) 

-  1164.62512 

-1174.24802 

-1180.56466 

3  (C2„) 

-1164.63464 

-1174.24758 

-1180.53851 

AljClf 

I  (Dm) 

-3660.81451 

-3682.95323 

-3700.82967 

1  (Dm) 

-3660.81415 

-3682.95293 

— 

i  (C.) 

-3660.81820 

-3682.95481 

-- 

I  (Cj.) 

-3660.81716 

3GS2.95410 

-3700.83545 

I(Ca) 

-3660.81824 

-3682.95486 

— 

?(C.) 

-3660.78540 

-3682.89066^ 

— 

3  (Cj,) 

-3660.73074 

-3682.87907 

— 

“In  atomic  units  (1  a.u.  =  627.5  kcat/moi).  Structures  illustrated  in  Figs.  1 
and  2. 


*C,  -  D3d. 

cc2„  — *  d3A. 

rf3-2XG  energy  at  the  STO-3G  geometry  (HF/3-21G//HF/STO-3G). 
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Table  II.  Relative  Energies0  of  AbF^  and  Al2Cl7  Anions 


Anion 

Structure 

HF/STO-3G// 

HF/STO-3G 

HF/3-21G// 

HF/3-21G 

HF/6-31G*// 

HF/3-21G 

A12F7 

1  (Dm) 

0.1 

0.0 

0.0 

I  (Dm) 

0.4 

0.5 

0.4 

1  (C.) 

0.0 

_6 

i  (C2*' 

0.4 

_ c 

2  (C.) 

- 1.5 

4.9 

12.7 

3  (C26) 

-7.5 

5.2 

29.1 

ai2ci7 

I  (D„) 

2.3 

1.0 

3.6 

I  (D3fc) 

2.5 

1.2 

— 

I(C.) 

0.0 

0.0 

( -0.4)rf 

I  (C2v) 

0.7 

0.4 

0.0 

1  (Cj) 

0.0 

0.0 

— 

2(C.) 

20.6 

40. 2e 

— 

3  (C2») 

54.9 

47.5 

— 

“In  kcal/mol.  Calculated  from  total  energies  in  Table  I. 
bC,  -  D3d. 

CC2u  — >  D3h. 


“^Estimated  relative  energy  from  3-2IG  results  for  1  (C,)  and  I  (C2t>)  structures. 
'3-21G  energy  at  the  STO-3G  geometry. 
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2  (C,)  5  (C2v) 


Fig.  1  Structures  of  A12X7  having  corner  (1),  edge  (2),  and  face  (3)  bridging. 
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r(AlCli) 

r(AlCl2) 

r(AICl3) 

r  ( AIOI4 ) 

STO-3G  2.086 

2.089 

2.087 

2.089 

3-21G  2.199 

2.203 

2.200 

2.203 

<  C1iA1CI6 

<  CljAIClb 

<  Cl3AlClb 

<  CI4AICI1 

STO-3G  105.6° 

104.8° 

105.6° 

103.9° 

3-21G  105.1° 

104.3° 

105.2° 

103.3° 

Fig.  2  ST0-3G  and  3-21G  optimized  geometries  for  AI2F7  [(  1  (D3c|)  structure] 
and  AI2CI7  [i(D3<i)  and  1(C,)  structures].  Bondlengths  in  angstroms  and 
bondangles  in  degrees  (3-21G  values  in  parentheses;  values  in  the  table 
are  for  the  C ,  structure). 
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ABSTRACT 

We  give  a  short  review  of  the  progress  done  recently  in  the  inter¬ 
pretation  of  the  structure  of  molten  divalent  cation  chlorides  and 
of  the  stability  of  chloro  complexes  in  molten  salt  mixtures. 

INTRODUCTION 

In  recent  years  neutron  scattering  experiments  from  isotropically 
enriched  samples  have  yielded  a  large  amount  of  structural  informa¬ 
tion  on  molten  divalent  cation  chlorides,  namely  BaCl2  (1),  SrCl2 
(2),  ZnCl2  (3),  CaCl2  (A).  MgCl2.  and  MnCl2  (5). 

The  experimental  results  show  a  close  connection  between  the 
structural  properties  in  the  melt  and  the  behavior  of  these  systems 
in  the  hot  solid  phase,  where  a  variety  of  interesting  phenomena, 
like  fast  ionic  conduction  or  glass  transition  are  observed. 

Similar  liquid  structures  are  found  for  BaCl2  and  SrCl2,  both 
crystallizing  in  a  fluorite  type  structure  at  high  temperature. 

Like  other  fluorite  type  materials,  they  undergo  a  transition  to  a 
high  conductivity  phase  (superionic)  before  melting.  The  increase 
of  conductivity  is  related  to  the  high  concentration  of  anionic 
defects  (6).  The  disorder  of  the  anionic  component  and  the  crystal¬ 
line  order  of  the  cations  are  reflected  in  the  liquid  in  the  high 
degree  of  short  range  order  for  the  metal  ions  in  comparison  with 
the  chlorine  ions. 

A  very  different  structure  is  observed  in  liquid  ZnCl2>  whose 
glass  forming  tendencies  are  well-known  (7,8).  MgCl2  and  MnCl2  have 
some  similarities  with  the  ZnC^  structure.  In  the  liquid  phase  one 
observes  a  very  well  defined  local  structure  of  chlorines  arranged 
in  a  tetrahedral  coordination  around  the  zinc  ion  with  a  close 
similarity  to  the  local  structure  of  the  glass.  The  existence  of 
these  tetrahedral  units  is  confirmed  by  spectroscopic  data  (9). 
Moreover,  the  addition  of  excess  chlorine  breaks  the  bridging  of  the 
tetrahedral  units  and  modes  are  observed  related  to  the  [ZnCl^]'-- 
complexes  (10). 


Complexes  are  also  found  in  some  of  the  molten  mixtures  of 
polyvalent  cation  halides  and  alkali  halides  upon  addition  of  alkali 


halide.  The  experiments  (11)  and  computer  simulation  (12)  show  for 
instance  for  mixtures  of  AICI3  and  alkali  halides  the  existence  of 
complexes  in  which  halogen  ions  are  coordinated  in  a  tetrahedral 
configuration  around  the  polyvalent  cation.  There  are,  however,  a 
number  of  systems  like  CaCl2-2LiCl,  where  complexes  are  not  re¬ 
vealed  at  all.  In  CaCl2_2KQ  coexistence  of  sixfold  and  fourfold 
coordinated  conf igurations  around  the  calcium  ions  is  observed  (13). 

For  a  liquid  dichloride  a  first  interpretation  of  the  differ¬ 
ence  of  the  structural  properties  can  be  obtained  just  looking  at 
the  classification  scheme  of  crystalline  structures  and  molecular 
shapes  for  sp  bonded  AB2  compounds  (14-16).  The  increasing  ionicity 
corresponds  in  the  crystal  to  an  increase  in  the  coordination  number 
and  in  the  molecules  to  a  transition  from  a  linear  to  a  bent  mole¬ 
cule. 


In  this  scheme  SrCl2  and  BaCl2  lie  in  the  high  ionicity  limit, 
and  ZnCl2,  MgCl2  and  MnCl2  in  the  low  ionicity  limit.  It  is  inter¬ 
esting  to  note  that  the  lew  ionicity  limit  seems  to  favor  the 
formation  of  complexes. 

A  more  accurate  analysis  of  the  liquid  structure  could  be 
attempted  of  course  by  using  the  statistical  mechanical  theories  and 
computer  simulation.  We  give  now  a  short  review  of  the  progress 
done  for  some  of  the  compounds  and  mixtures  just  mentioned. 


STRUCTURAL  PROPERTIES  OF  MOLTEN  Srd.2 

Detailed  simulation  w  ork  on  molten  SrCl2  has  been  done  by  de  Leeuw 
(17)  assuming  a  rigid  ion  potential.  McGreevy  and  Mitchell  (2) 
found  a  significant  disagreement  with  their  neutron  scattering  data. 
A  refined  liquid  theory  has  been  applied  by  Pastore  et  al.  (18),  and 
a  careful  analysis  has  been  performed. 

The  indications,  which  come  out,  are  that  the  rigid  ionic  model 
gives  reasonable  agreement  with  the  thermodynamics  of  the  liquid, 
but  large  discrepancies  are  found  in  the  Sr-Sr  pair  distribution 
function.  The  main  conclusions  of  the  work  of  Pastore  et  al.  can  be 
summarized  as  follows: 

1.  The  Sr-Sr  correlations,  which  are  most  sensitive  to  the 
model  of  interionic  forces,  are  dominant.  They  determine  the  main 
features  of  the  liquid  structure.  Moreover,  the  cation  short  range 
order  drives  the  transition  to  the  crystal  in  the  superionic  phase 
(19). 

2.  A  simple  classical  iellium  model  v  ora  =  in  reproducing  the 
Sr-Sr  structure  when  the  cation-cation  Coulomb  repulsion  is 
screened  by  the  electronic  dielectric  constant  of  the  material. 

This  suggests  an  important  role  of  the  distortions  of  the  electronic 
shells  in  determining  the  correlations. 
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STRUCTURE  AND  INTERIONIC  FORCES  IN  MOLTEN  ZnCl2 

Simulation  of  liquid  ZnCl2  with  a  rigid  ionic  model  has  been  done  by 
Woodcock  et  al.  (20)  and  most  recently  by  Gardner  and  Heyes  (21). 
This  model  gives  a  reasonable  agreement  with  the  gross  features  of 
the  Zn-Cl  and  Cl-Cl  pair  correlations,  but  it  fails  completely  in 
the  prediction  of  the  Zn-Zn  structure.  This  means  that  the  model  is 
not  able  to  reproduce  one  of  the  most  important  conclusions  of  the 
experimental  work;  the  close  similarity  between  the  local  structure 
of  the  liquid  and  the  glass  (3,7,8).  As  proposed  by  Desa  et  al. 

(8),  this  structure  can  be  seen  as  a  distorted  random  close  packing 
of  chlorine  ions  with  a  Cl-Cl  coordination  number  of  the  order  of  8- 
10.  The  Zn  ions  are  occupying  the  tetrahedral  holes  in  such  way  as 
to  maximize  corner  sharing  of  the  resulting  ZnCl^  tetrahedra  at  the 
expense  of  edge  or  face  sharing. 

Theoretical  work  has  been  done  by  Ballone  et  al.  (22).  They 
examined  a  number  of  different  models,  starting  from  the  simple 
charged  hard  sphere  model,  and  then  introducing  non-additive  ex¬ 
cluded  volume  effects  and  an  effective  screening.  Now  the  anion- 
anion  correlations  are  the  dominant  ones,  and  by  choosing  suitable 
values  of  the  non-additive  ionic  radii  the  authors  are  able  to 
reproduce  the  local  tetrahedral  coordination.  Finally,  with  the 
introduction  of  a  distance  dependent  dielectric  screening  they  get 
very  reasonable  results.  They  conclude  that  the  Zn-Zn  correlations 
reflect  mostly  the  real  binding  forces,  even  if  a  combination  of 
nor-additiv ity  of  ionic  radii  and  an  effective  r-dependent  dielec¬ 
tric  screening  can  give  a  reasonable  account  of  the  correlations. 


STABILITY  OF  CHLORO  COMPLEXES  IN  MOLTEN  SALT  MIXTURES 

A  number  of  experiments  on  molten  mixtures  of  polyvalent  cation 
halides  and  alkali  halides,  as  said  in  the  introduction,  indicate 
the  existence  of  units  of  halogen  ions  coordinated  in  a  fourfold 
configuration  around  the  polyvalent  cation.  For  instance  the 
existence  of  [AlCl^]-  units  in  molten  LiCl-AlCl3  has  been  directly 
established  by  Biggin  et  al.  (11)  by  neutron  scattering  experiments. 
On  the  other  hand  in  recent  work  with  Raman  spectroscopy,  Sakai  et 
al.  (13)  did  not  reveal  complexes  in  systems  like  CaCl2-2LiCl, 
CaCl2-2NaCl,  SrCl2~2KCl  and  SrCl2-2RbCl.  As  mentioned  above,  in 
CaCl2-2KCl  there  i6  a  coexistence  of  sixfold  and  fourfold  coordina¬ 
tion  for  the  calcium  ions. 

Saboungi  et  al,  (12)  showed  by  computer  simulation  on  an  AlCl^- 
NaCl  mixture  that  an  ionic  model  can  reproduce  structural  features 
of  a  complexing  liquid.  A  similar  kind  of  approach  has  been  devel¬ 
oped  by  Akdeniz  et  al.  (23).  They  applied  a  simple  ionic  model  to 
the  solutions  of  divalent  cation  chlorides  (MC12)  in  molten  alkali 
chlorides.  They  evaluated  the  complex  stability  as  a  function  of 
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the  alkali  chloride  solvent  and  of  the  solute  concentration.  The 
complexes  are  dissociated  when  the  solute  concentration  exceeds  the 
"stoichiometric”  composition  1/3,  but  it  is  also  found  that  the 
stability  is  determined  by  the  ionic  screening  length  of  the  solu¬ 
tion.  A  stability  criterion  is  established  in  terms  of  a  "critical" 
ratio  between  the  screening  length  and  the  M-Cl  distance.  The 
dissociation  of  the  complexes  takes  place  when  this  ratio  is  less 
than  1.60.  In  the  table  below  the  values  of  the  ratio  for  different 
MCl-alkali  chloride  mixtures  are  given.  The  prediction  of  complex 
forming  (above  the  line)  and  non  forming  (below  the  line)  are  in 
agreement  with  the  experiments. 


TABLE  1 


L  i 

Na 

K 

Rb 

Cs 

Be 

1 .93 

1.96 

1  .99 

2.01 

2.03 

Mg 

1.69 

1.71 

1.74 

1.75 

1 .77 

Ca 

1 .58  | 

1.60 

1  .62 

1  .63 

1  .64 

Sr 

1 .53 

1.55 

1.57 

1.58 

J  1.60 

Ba 

1  .49 

1.51 

1  .53 

1.54 

on 
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ABSTRACT 

In  this  paper  we  present  first  results  of  the  small  angle 
X-ray  scattering  and  the  pVT x  behaviour  of  fluid  KxKClj-x 
solutions.  In  the  salt  rich  solutions  Guinier  type  scat¬ 
tering  is  observed.  From  this  an  electronic  radius  of 
gyration  Re~  10  8  is  determined  which  gives  a  first  appro¬ 
ximate  measure  of  the  extent  of  local  density  inhomoge¬ 
neities  around  localized  electronic  states.  Approaching 
the  metal-nonmetal  transition  region  the  scattering  law 
changes.  Based  on  the  pVTx  results  the  thermodynamic  equa¬ 
tion  of  state  has  been  determined  the  first  time  for  a 
metal-molten  salt  solution.  It  is  compared  with  a  simple 
model  calculation  which  is  found  to  de  in  good  agreement 
with  the  experimental  values  over  the  whole  composition 
range . 


INTRODUCTION 

Most  alkali  metal  (M)  -  alkalihalide  (MX)  solutions  exhibit  soino- 
dal  decomposition  into  separate  liquid  phases  below  a  critical  tempera¬ 
ture  Tc  (1).  Above  this  critical  point  a  continuous  transformation  from 
metallic  ( M )  to  nonmetallic  (NM)  states  occurs  with  varying  composition. 
This  change  in  the  electron-ion  coupling  strongly  influences  the  micro¬ 
scopic  structure  (2)  and  offers  a  continuous  challenge  for  the  theore¬ 
tical  modelling  of  the  thermodynamics  of  these  systems  (3). 

Recent  spectroscopic  experiments  ( 4 )  and  theoretical  studies  (5.6) 
demonstrate  that  at  very  high  metal  dilution  predominantly  F-center 
tike  localized  states  form.  With  increasing  metal  concentration  inter¬ 
action  between  F-centers  may  lead  to  spin-paired  (7i  associated  F-cer- 
ter  dimers  or  dielectrons,  i.e.  two  electrons  localized  in  the  same 
anion  vacancy.  This  defect  model  was  successfully  applied  to  salt  rich 
solutions  to  explain  the  thermodynami c, opti ca 1 , and  electronic  transport 
properties  (8).  Recent  quantum  molecular  dynamics  calculations  by 
Selloni  et  al.(6)  also  predict  the  occurrence  of  dielectron  complexes 
in  a  singlet  ground  state.  At  higher  metal  concentrations  approaching 
the  NM-M  transition  it  was  first  suggested  from  ESR  measurements  that 
higher  associated  localized  states  with  an  electron  distribution  com¬ 
parable  to  metal  cluster  states  might  occur  (7). 
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In  relation  with  these  problems  the  present  study  is  concerned 
with  the  following  main  objectives.  We  have  been  interested  in  a  direct 
information,  as  much  as  possible,  on  the  local  microscopic  structure  of 
aggregated  localized  states  and  their  structural  changes  approaching 
the  NM-M  transition  region.  For  this  aim  we  have  started  small  angle 
X-ray  scattering  (SAXS)  experiments  on  KxKCli-x  solutions.  First  pre¬ 
liminary  results  have  oeen  obtained  in  the  salt  rich  solutions  up  to 
the  critical  point  (xc  =  .39.  Tc  =  788°C).  In  a  second  experiment  we 
have  studied  the  pVTx-behaviour  of  KxKClj.x  over  the  whole  composition 
range  from  pure  salt  to  pure  metal.  From  this  we  have  determined  the 
thermodynamic  equation  of  state  which  is  presented  for  the  first  time 
for  a  M-MX  solution.  For  a  quantitative  theoretica1  description  of  the 
electronic  and  thermodynamic  characteristics  of  these  solutions  the 
equation  of  state  offers  a  crucial  test.  In  Doth  experiments  we  have 
selected  the  K-KC1  system  as  this  is  a  favourite  model  fluid  in  the 
current  theoretical  investigations  of  M-MX  solutions. 


EXPERIMENTAL 

The  limited  page  number  does  not  allow  a  detailed  description  of 
the  experimental  techniques  and  of  the  data  and  error  analysis.  So  we 
sketch  here  only  the  principles  of  the  applied  methods  and  concentrate 
on  some  important  points  of  the  sample  cell  constructions  dictated  by 
the  high  temperature  conditions. 


A.  SAXS-EXPERIMENT 

Due  to  the  high  temperature  requirements  of  the  sample  we  had  to 
apply  a  transmission  method.  For  intensity  reasons  we  have  chosen  siit- 
collimation  and  constructed  a  high  temperature  Kratky  camera  (9)  with 
the  following  diffraction  geometry:  Cu-Ka  X-ray  source,  grapmte  mono¬ 
chromator,  si i t-co 1 1 imation  system,  high  temperature-high  vacuum  fur¬ 
nace  with  sample  cell  and  beam  stop,  position  sensitive  detector.  The 
sample  in  the  shape  of  a  thin  slab  is  fixed  and  perpendi cu 1 ar  to  the 
incoming  beam  with  an  asymmetric  scattering  geometry.  The  principle  of 
construction  of  the  sample  cell  is  shown  in  Fig.l.  The  liquid  film  is 
confined  between  two  circular  windows  1.4  from  sapphire  or  B4C.  which 
have  a  thickness  of  60  urn  or  400  urn.  respectively,  in  the  range  of  the 
X-ray  beam.  The  windows  are  oressed  against  a  Ta-ring  3  to  achieve  a 
vacuum  tight  sealing  of  the  sample.  The  optimum  scattering  thickness  of 
the  film  of  u"^  (u  =  linear  absorption  coefficient)  is  defined  by  a  Mo- 
ring  spacer  2. 

In  order  to  determine  the  coherent  scattering  intensity  the  data 
have  been  corrected  for  absorption  (empty  container  and  container  plus 
sample  absorption),  polarization,  inelastic  and  multiple  scattering  - 
for  details  see  e.g.(lO)  -.  The  background  scattering  ot  the  solvent 
which  is  mainly  determined  by  the  number-number  fluctuations  S^fj(Q)  and 
is  proportional  to  the  isothermal  compressibility  \j  in  the  long  wave- 
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length  limit  has  been  calculated  from  the  corresoondi ng  analytical  ex¬ 
pression  (11)  and  the  x^- data  determined  from  the  pUTx-measurements  be¬ 
low.  This  contribution  has  been  subtracted  from  the  total  coherent  in¬ 
tensities.  With  the  si i t-col 1 imation  used  here  the  deconvolution  of  the 
measured  intensities  is  a  major  correction.  For  this  aim  the  weight 
function  W ( y )  (9)  which  contains  the  smearing  of  the  intensities  due 
to  the  finite  slit  length  and  the  detector  entrance  slit  has  been  deter¬ 
mined  experimentally.  It  is  well  approximated  by  a  Gaussian.  The  over¬ 
all  uncertainty  of  the  finally  corrected  intensities  is  estimated  to  be 
below  5%  as  long  as  the  counting  statistics  is  better  than  2%.  For  fur¬ 
ther  details  of  this  experiment,  results,  and  data  evaluation  see  (12). 


B.  pVTx-EXPERIMENT 


The  pVT-data  at  different  metal  mole  fractions  x  ( 0 - x 1 1 )  have 
been  measured  in  an  internally  neated  high  pressure  vessel,  compressed 
argon  gas  being  the  pressurizing  medium.  At  constant  x  the  pressure  and 
temperature  dependence  of  the  molar  volume  of  mixing,  Vm( p . T , x ) .  has 
been  determined  by  a  dilatometric  technique  as  sketched  in  Fig. 2.  The 
fluid  sample  is  contained  in  a  stainless  steel  bellows  1  closed  at  the 
too  end  by  a  cone  fitting  2.  The  volume  change  Vm(p.T.x)  of  the  liquid 
mixture  is  monitored  by  a  thermostated  inductive  device  3  inside  a  high 
pressure  capillary  at  the  cold  end  of  the  high  pressure  vessel.  The  re¬ 
solution  and  reproducibi 1 ity  of  this  dilatation  measurement  is  found 
to  be  *10  urn  and  the  whole  setup  has  been  calibrated  up  to  high  tempe¬ 
ratures  and  pressures  with  a  dummy  steel  cell.  With  a  filling  volume  of 
~2.5  cm^  the  maximum  absolute  error  of  the  Vm ( p . T . x }  results  is  esti¬ 
mated  to  be  *1.1%.  For  pure  K  and  KC1  the  results  reported  here  agree 
with  the  corresponding  literature  data.  (13)  and  (14)  respectively,  to 
better  than  iO.6%.  In  addition  we  have  measured  the  pressure  dependence 
of  the  phase  diagram  which  is  obtained  from  clear  kinks  observed  in  the 
Vm(p,T,x)  curves  wnen  crossing  the  phase  boundaries.  This  independent 
information  gives  a  valuable  insight  into  the  thermodynamic  consistency 
of  the  pressure  dependence  of  the  phase  boundary  and  the  value  of  the 
molar  excess  volume  near  the  critical  point  (15).  Details  of  the  re¬ 
sults  and  the  experimental  techniques  are  described  in  a  separate  paper 
(16). 


RESULTS  AND  DISCUSSION 


A.  SAXS-RESULTS 

As  discussed  in  the  introduction,  in  the  salt  rich  solutions  elec¬ 
tron  localization  in  the  form  of  different  defect  states  leads  to  inho¬ 
mogeneities  in  the  local  electron  distribution  oe(R).  This  is  probed  by 
the  X-rays.  For  the  interpretation  of  the  small  angle  X-ray  scattering 
due  to  these  inhomogeneities  we  start  from  the  following  basic  relation 
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for  the  elastic  scattering  intensity  I(Q)  (9): 

I  (Q)  «  N|F(Q)  |2  ( 1  +  /g(R)exp(-iQR)d3R) .  [  1  ] 

Here  Q  is  the  scattering  vector  and  N  is  the  number  of  defects  (par- 
ticles]_.  The  structure  factor  |F(Q)|,  which  is  the  Fourier  transform 
of  oe(R).  describes  tne  intraparticle  scattering.  The  integral  in  Eq. 

{_  1  ]  gives  the  interparticle  scattering  determined  by  the  Fourier  trans 
form  of  the  pair  distribution  function  g(R).  As  a  first  approximation 
for  salt  rich  solutions  we  may  consider  a  two  phase  model:  we  assume 
that  we  have  N  identical  spherical  particles  which  are  not  strongly 
correlated  and  wl..ch  have  a  homogeneous  scattering  length  density  oeB 
embedded  in  a  solution  (matrix)  of  homogeneous  scattering  length  densi 
ty  pes.  Then  |F(Q)|  may  be  written  as: 

q2r2 

|F(Q)|2  «  UeD-oes)2S(Q)  -  Uce)2exp( - 3^.  .2; 

Here  the  scattering  function  S ( Q )  has  been  approximated  oy  the  Guinier 
scattering  law  (17).  where  the  electron  raaius  of  gyration.  Re .  for  a 
spherical  symmetric  charge  distribution  around  a  defect  is  given  by: 

<R2>  =  /  R4o  ( R ) d R /  '  R2d  (R)dR.  '3 

6  0  6  0  e 


The  following  discussion  is  based  on  these  relations,  fig. 3  snows  a 
Guinier  plot,  lnl(Q)  vs.  .  of  the  SAXS-results  of  KxkCii-,<  at  a  con¬ 
stant  temperature  of  ~775°C  for  three  selected  compositions  x  =  .07. 
.10.  and  .17.  The  intensities  are  in  relative  units.  Below  k  =  .10  a 
Guinier  type  behaviour  is  observed  over  the  whoie  Q-range.  From  a  best 
linear  fit  o*  the  data  (full  curve)  a  radius  of  gyration  of  Re~10  8  is 
found.  This  gives  a  first  rough  estimate  of  the  extent  of  the  inhomo¬ 
geneity  of  the  charge  distribution  around  defect  states  like  F-centers 
or  dimers.  Localized  electrons  in  F-center  or  dimer  states  are  stabi¬ 
lized  by  interaction  with  ions  in  first  and  second  neighbor  cation  and 
anion  shells,  respectively,  and  thus  may  influence  the  local  density 
over  this  distance  range.  Taking  this  into  account  the  magnitude  of  Re 
is  not  unreasonable. 

In  order  to  get  a  more  quantitative  insight  into  oe(R)  improve¬ 
ments  of  the  present  results  are  necessary.  First  the  scattering  range 
has  to  be  extended  to  lower  Q-vaiues  which  is  possible  with  the  B4C- 
cells  and  is  currently  undertaken.  In  a  further  step,  variation  of  the 
scattering  contrast  Aoe  is  considered.  This  is  possible  by  isomorphous 
substitution  -  exchanging  the  cation  while  keeping  the  anion  the  same, 
e.g.  comparison  of  NaX  with  KX  systems  -  or  by  varying  the  scattering 
length  itself  -  anomalous  scattering  -  at  different  energies  using  a 
synchrotron  light  source.  In  particular  this  last  technique  offers 
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completely  new  poss i D 1 1 i ties .  Improvements  in  these  directions  are  in 
preparation . 

With  furtner  increase  of  the  metal  concentration  above  x  =  0.10 
clear  deviations  from  Guinier  Behaviour  are  observed.  This  is  demon¬ 
strated  oy  the  upper  curve  in  Fig. 3  for  x  =  .17.  Concerning  this  con¬ 
centration  range  the  following  considerations  are  of  interest.  In  the 
more  concentrated  solutions  the  average  separation  between  localized 
states  is  reduced  and  so  interparticle  scattering  may  come  into  piay. 
Another  interesting  possibility  is  that  the  scattering  law  changes  ap¬ 
proaching  the  NM-M  transition  region.  From  the  electronic  properties 
we  expect  this  to  occur  around  xmm-m~0.5xc  (18).  If  cluster  aggrega¬ 
tion  or  diffusion  limited  aggregation  are  the  dominant  changes  in  the 
local  structure  during  the  NM-M  transition  the  small  angle  scattering 
should  follow  a  characteristic  power  law,  S(Q)“Q"a  (see,  e.g..  (19)). 
For  the  understanding  of  the  M-NM  transition  mechanism  in  fluid  systems 
this  problem  may  be  of  particular  interest.  Discussing  the  small  angle 
scattering  in  the  intermediate  concentration  region  of  the  NM-M  transi¬ 
tion.  a  further  complication  arises  from  the  nearby  critical  point  (xc  = 
.39)  and  the  extension  of  the  critical  scattering  below  xc.  Going  from 
salt  rich  solutions  towards  the  consolute  composition  xc  the  scattering 
law  changes  and  shows  the  characteristic  Ornstei  n-Zern  i  k.e  benaviour. 
i  .e. 

S(Q)  *  (1  +  eVf1  ,4; 

with  the  critical  correlation  length  £.  This  is  demonstrated  in  Fig. 4 
for  three  temperatures  above  Tc  and  x  =  xc .  Here  the  corrected  experi¬ 
mental  intensities  (points)  are  compared  with  the  calculated  intensi¬ 
ties  according  to  [4],  where  the  latter  have  been  smeared  with  the 
experimentally  determined  weight  function  W(y)  (full  curves).  These 
curves  have  been  normalized  at  Q-0.35  8'*  and  thus  £.  is  the  only  fitting 
parameter.  The  E-values  determined  in  this  way  range  from  25  8  (TaTc) 
to  13  8  (T-Tji-50  K).  A  more  detailed  study  of  the  SAXS  of  KXKC1  i-x  in 
comparison  with  the  corresponding  neutron  results  of  Chieux  et  a  1  .  ( 20 ) 
for  K-KBr  is  in  progress. 


B.  pVTx-RESUlTS 

The  molar  volume  of  KxKC'i-x  (Ovxvl)  has  been  measured  as  a  func¬ 
tion  of  temperature  up  to  920°C  and  at  8  different  pressures  up  to 
1600  bar  (16).  A  selection  of  these  results  at  850°C  and  three  diffe¬ 
rent  pressures  is  presented  in  Fig. 5  as  a  function  of  the  mole  fraction 
x.  In  the  salt  and  metal  rich  end  Vm  shows  ideal  mixing  behaviour  with¬ 
in  the  experimental  error  of  1.1%,  whereas  a  slight  Out  positive  excess 
volume  is  observed  in  the  composition  range  of  the  miscibility  gap.  In 
a  first  short  publication  (15)  we  presented  a  small  negative  excess  vo¬ 
lume  in  the  salt  rich  end.  In  further  measurements  we  could  not  repro¬ 
duce  this  part  which  explains  the  changed  data  around  x~0.1  as  presented 
in  Fig. 5.  In  the  previous  paper  (15)  we  have  discussed  the  thermodynamic 


consistency  of  the  measured  pressure  dependence  of  the  miscibility  gap. 
e.g.  3Tc/i)p>0,  with  the  observed  positive  excess  volume  near  the  criti¬ 
cal  point.  We  have  also  given  the  partial  molar  volumes  i/«  and  \I^q\  de¬ 
rived  from  V^fp.T.x).  In  the  following  we  focus  on  the  thermodynamic 
equation  of  state  for  KxKClj-x. 

The  thermodynamic  equation  of  state, 

( au/ dV ) T  =  T( 3S/3V 1 j  -  p  =  T ( 3p/ 3T ) y  -  p,  [5] 


relates  the  internal  pressure.  P-j  =  ( XU/aV )y .  with  the  isochoric  ther¬ 
mal  pressure  coefficient.  (op/aTly.  ano  the  total  pressure  o.  Tne  ther¬ 
mal  pressure  coefficient  is  given  by  the  isoparic  expansivity,  i  .  and 
the  isothermal  compressibility,  y T :  p 

(90/ST)^  =  -OV/9T)  /OV/aolT  =  a  /vT.  :6( 

With  the  high  density  of  data  points  for  Vm( p . T . x )  recorded  at  diffe¬ 
rent  T  and  o  it  is  possible  to  determine  ip  and  \t  ^rom  these  measure¬ 
ments  with  sufficient  accuracy  and  to  calculate  ( 30/ 3V  If  according  to  ea. 
'5;  with  an  uncertainty  of  ♦i6i-  Tni«  nroeonted  ir  rig.£  where  the 

internal  pressure  of  KXKC I ^ _x  at  800  bar  ano  850°C  is  plotted  versus  x 
(open  circles).  Over  the  whole  composition  range  a  negative  excess  in¬ 
ternal  pressure  -  difference  oetween  experimental  result  and  dashed  line - 
is  found  with  a  minimum  value  of  about  -1.5  xbar. 


Hoizhey  and  Schirmacher  recently  published  a  simple  model  for  the 
calculation  of  the  thermodynamic  properties  of  liauid  M-MX  solutions 
wnich  qualitatively  describes  the  phase  separation  in  these  systems 
(21).  Tne  main  ingredients  of  this  model  are  the  following.  The  inter¬ 
action  Oetween  the  metal  cation  ano  the  halogen  anion  is  treated  via 
an  electronically  screened  Coulomb  potential  and  a  hard  core  repulsion 
The  screening  length  X(x)  is  assumed  to  vary  linearly  with  composition 
between  the  limits  of  the  salt,  .  and  the  metal,  .  i.e.: 


X(x)  =  X, 


MX 


‘M 


MX 


Using  a  parameterization  for  the  correlation  function  of  concentration' 
fluctuations  they  find  the  following  analytical  expression  for  the  ex¬ 
cess  internal  energy  U$x, 

a  y  P 

=  (-Ae  /o ) ( 1-x ) (exp( x  )o )  -  exp(-\Mxo)).  8 

which  is  a  mean  field  type  approximation.  In  eo.  A  is  a  short  range 
order  parameter  of  the  order  of  1.  o  is  a  common  hard  sphere  diameter 
of  the  ions,  and  e  is  the  electron  charge. 

I  order  to  test  this  model  on  the  measured  pVTx-oata.  we  have 
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calculated  the  excess  internal  pressure.  p?x.  from  eo.  8  according  to 


°r  =  ‘flUmX/iV>  T  = 


e--Ulo  . 


'MX , 

<V  T6 


'  'MX  ' . 


For  >.MxlT.vm)  and  >ni(T.Vm)  we  nave  taken  the  analytical  expressions  o* 
the  Oeoye-Huckel  and  Tnomas-Fermi  mode; .  respective! y  (see.  e.g.  (22) l 
In  a  first  rough  approximation  we  set  A=1  and  estimated  -  3  8  from  tne 
ionic  radii  of  K+  and  Cl'.  These  calculated  values  or'  of*  are  included 
in  Fig. 6  (fu1!  line).  The  agreement  Between  this  simple  model  calcula¬ 
tion  and  the  exoenmenta  results  is  surprisingly  good. 
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Figure  4.  Critical  SAxS  of  KxKC'j-v  ( Ornste i n-Zerni ke  penaviouri  at 

x:xc  =  .39  ana  three  temperatures  of  T;TC  =  788°C.  T  =  8130, 
and  T  =  842°C  (temperature  increasing  from  the  top  to  tre 
oottom  curve ) . 


Figure  5.  Molar  volume  of 

KXKC 1 1-x  at  830°C  and 
three  different  pres¬ 
sures  of  1  bar  (O) . 
800  bar  (o ) ,  and 
1600  bar  ( ° ) . 


Figure  b.  internal  pressure  d,  = 

1  (ill./  -'V  !  7  of  K x K C 1  j  at 
850°C  and  800  bar:  sym¬ 
bols  give  the  experimen¬ 
tal  resul ts .  the  f  u  1  i 
curve  nas  beer  obtained 
from  a  model  cacuation 


STRUCTURE  AND  THERMODYNAMICS  OF  MET AL-SAi.T  SOLUTIONS: 

THE  THEORETICAL  VIEWPOINT 

Gilles  Chahrier 

li.  P.  M .  Universite  Claude  Bernard- Lyon  I 
V i  j  1  eurbanne  Cedex,  Prance 

ABSTRACT 

The  structure  and  thermodynamics  of  solutions  of  alkali 
metals  and  their  halides  are  calculated  on  the  basis  of  a 
simple  two  fluid  (ion  election)  reference  system  and  a  second 
order  perturbation  expansion  in  the  ion-electron  couplinci. 

The  miscibility  gap  observed  in  these  sniut ions  is  reproduced 
theoretically  and  explained  in  terms  ot  screening  ienuuis  and 
correlation  leuuths,  for  which  we  obtain  explicit  expressions. 

I  .  THE  MODEL 

The  metal -salt  solutions  are  regarded  as  being  composed  of  N, 
positive  ions  of  charge  2(e  and  N^  negative  ions  of  charge  Z,e  in  a 
volume  ft;  the  corresponding  number  densities  and  concentrations  are 
defined  as  p0'N„/°  anfi  x  /N  (  q-  1 . 2 ) ,  with  N=N,+N,.  The  excess  of 
positive  charge  is  compensated  by  the  conduction  elections  which  are 
assumed  to  provide  a  rigid,  uniform  background  of  charge  eo  ,  ensuring 
overall  charge  neutrality: 

+  +  ^  ^  fo  =  °  I  i> 

The  total  hamiitonian  of  the  system  is  written  as  the  sun:  of  three 
terms  ( 1 > : 

H  .  Hi;  ♦  Hee  *  V,e  I  1 1 

wtiere  U  .  is  the  hamiitonian  for  the  ions  in  a  neutralizing  uniform 
background,  H  is  the  familiar  iellium  hand  1 Ionian  tot  t tie  elect  rons 
in  a  uniform  background  which  exactly  cancels  the  previous  one.  while 
V.  describes  the  ior-electron  interaction  minus  the  interaction 
energy  of  the  ions  with  their  associated  background. 

1.1  THE  IONIC  HAMILTONIAN 

The  ions  are  assumed  to  interact  pairwise  via  the  simple  model 
potent ial (2) ; 
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u-p  to  =  v°(r> 

where  the  short  ranoe  repulsion  V  (ri  acts  only  between  oppositely 
charged  ions,  and  is  taken  to  be  8f  exponential  form: 

V0(r)  -  (*  -  )Aexp  [~r/ro)  |41 

Tire  potential  (3i  is  a  simplified  version  of  the  usual  Born-Huaoins 
Mayer  potential.  For  t  tie  parameters  A  and  r  ,  we  have  chosen  the 
values  of  the  complete  Tos:  Fund  potential  correspond inq  to  the  pure 
molten  salt  it). 

The  ion  ic.n  ham i  1 1 on i an  hence  finally  reads: 


W  =  K. 
1  *  1 » 


where  K.  represents  the  kinetic  eneray  of  the  ions  aid  or.  denotes 
the  Foufier  component  of  the  ionic  charqe  density.  Tfie  corresponding 
ionic  pair  C'.-ri  elat.  ion  functions  cjq  (  r )  and  their  Fourier  transforms 
t fie  ionic  structure  factors  S  (K)  have  been  calculated  in  the 
framework  of  t fie  h/pernetted  chain  equations  (HNCi.  supplemented  by 
the  Oriisteiri-Zernicke  relations  between  the  direct  correlation 

functions  C  „irl  and  the  total  correlation  functions  h  ,'r)  =  a  (r>- 
.  a8  o8  Q8 


(p=t/keT) 

Figure  i  compares  the  structure  factors  issued  rrom  the  model 
hainii  Ionian  fk]  with  the  experimental  results  obtained  by  neutron 
diffraction  for  K-Kd  and  Rb-RhBr(S) .  The  poorer  agreement  for  Rb- 
RbRr  is  the  consequence  of  the  higher  polar isabil it v  of  this  system, 
not  included  in  our  model . 


.’I  I 


r 


1.2.  THE  ION-ELECTRON  INTERACTION 


The  term  V.  of  eqn.  [21  can  be  split  in  two  terms: 
le 


Xe  -  -1-  ^  £ 


O.  oi=i  ?)tO 


V  ( u 

Oot  ' 


'ft.  ? 


u 


where  v  (Ki  is  the  dimensionless  Fourier  transform  of  the  ion- 

el  ect ron° pseudopot ent ial  v  (r),  and  U  is  the  structure  independent 
,  ....  , ,  . .  oa  o 

contribution  (1,4): 


u 


1 

aUl  M-»0 


lim  l. 


v  (k1) 

o  * 


^TVZ^e2-  * 

e> 
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The  hamiltoniari  specified  by  c-qris.  12].  [51.  [7]  is  in  fact  quite 
general  and  describes  a  number  of  coulombic  systems  besides  metal-salt 
solutions  M  MX,  :  liquid  metals  (limit  x  =  l),  molten  salts  (limit 
x=0),  binary  alloys  (for  whlcli  Z,Z2>0),  and  binary  ionic  mixtures,  ir, 
which  the  short  range  repulsive  term  may  be  omitted,  the  electron-ion 
interaction  being  purely  coulombic. 

For  the  ion-electron  pseudo-potentials  occurring  in  eqns.  [7], 

[8],  we  have  chosen  the  Ashcroft  empty  core  form  |7]  for  the  cation, 
with  a  core  diameter  determined  at  the  melting  point  of  the  pure 
metal,  using  the  sum  rule  for  the  compressibility  < 5 ) .  The  anion- 
electron  pseudo-fxitent ial  has  been  chosen  to  be  an  interpolation 
between  the  Ashcroft  and  Shaw  (6)  forms 


V„*H  -  - 


-  -  Z2eVc 


For  r  we  have  chosen,  somewhat  arbitrarily,  the  ionic  F'aulinq 
radius:  t  will  be  the  only  adiustable  parameter  in  our  perturbation 
theory.  The  coordinates  of  the  critical  point  which  terminates  the 
miscibility  gap  will  depend  sensitively  on  t,  as  we  will  see  later. 
Let  us  note  that  the  special  case  1=0  corresponds  to  the  empty  core. 


(7  l  : 


i  r  <  rc; 


I  9] 


r  >  r 
^  CZ 
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1.3  THE  ELECTRON  GAS 


The  thermodynamic  properties  of  the  uniform  electron  gas  depend  on 
the  usual  density  parameter  r  and  the  degeneracy  parameter  i  defined 
by:  3 


(3/^J 


[10] 


f  1/3 

where  a  is  the  Bohr  radius  and  kT_  =  tie  «  is  the  Eermi 

temperature.  In  the  Metal-salt  solutions,  as  the  metallic  mole 
fraction  decreases,  the  density  parameter  r  increases  (r  =“  in  the 
pure  salt!)  while  the  Fermi  temperature  decreases.  As  a  Consequence, 
the  electron  gas  becomes  more  and  more  correlated  while  finite 
temperature  corrections  become  non-negligible.  To  describe  this 
weakly  degenerate  electron  gas,  we  have  used  the  most  accurate 
equation  of  state  presently  available,  calculated  in  a  wide  range  of 
densities  (10). 


II.  THERMODYNAMICS 

The  thermodynamic  properties  of  the  metal-salt  solutions  described 
by  the  hamiltonian  [2]  are  calculated  by  a  perturbation  expansion  in 
the  ion-electron  coupling  V  .  In  the  zeroth  order  the  electronic  and 
ionic  components,  neutralized  by  their  respective  uniform  backgrounds, 
are  assumed  to  be  completely  decoupled  so  that  the  Helmholtz  free 
energy  of  this  reference  system  is  given  by: 

F (0>  =  F;  +  Fe  til) 

The  ionic  contribution  is  calculated  from  classical  statistical 
mechanics,  using  the  pair  distribution  functions  obtained  in  51(4). 

An  interesting  property  of  the  HNC  closure,  beside  the  fact  that  it  is 
especially  adapted  to  couiombic  systems,  is  that  it  allows  a  direct 
calculation  of  the  excess  chemical  potentials  u  ,  from  the  partial 
pair  correlation  functions  [9].  Hence  the  exceis  (i.e.  non  ideal) 
free  enthalpy  per  ion  follows  directly  from: 


N  1<T 


l 


[12] 


The  further  contributions  to  the  free  energy  are  calculated  using 
the  standard  coupling  constant  integration: 


13 


F  =  F 


(>  »<)  =  F(ho)  +  j 


<v,e>Ac1^ 


where  F(  A-01-f'.+F  is  the  free  enerqy  of  the  reference  system,  whereas 
^  denotes  th£  canonical  average  taken  over  the  perturbated 
hamiltoriian.  To  first  order  in  the  coupling,  the  free  enerqy  is: 

=  F;  F  .  <  V,-a  >  f  14) 


<V;e>0  [N,2,r^  U5) 

2  a1 

The  second  order  ion-eieotron  contribution  is  calculated  in  the  linear 
response  approximation  tor  the  induced  electron  density  <p,  •,  which 

yields: 


F2  s±  II  (NN  )l3--± — (f_l ^  -  v  (*)v£  (*)SWwdK(u 


the  Sa„  (k)  denote  the  partial  structure  factors  of  the  unperturbed 
Ionic  Fluid  calculated  in  <ji.  for  the  dielectric  function  t  ik'  we 
have  chosen  the  zero-temperature  form  proposed  by  Ichimuru  afid  Utsumi 
(11),  which  is  well  adapted  to  the  highly  correlated  regime  i r s ^ > 1 > . 

Pv  truncating  i  he  p--t  t  urbat  ion  expansion  of  the  free  energy  after 
the  second  order,  we  restrict  ourselves  to  linear  screening  in  the 
description  of  the  ion  electron  coupling.  This  is  a  priori 
inapplicable  in  the  regime  or  low  metallic  concentrations.  However, 
since  the  weight  of  the  electronic  contribution  to  the  thermodynamics 
of  a  metal-sait  solution  decreases  with  decreasing  metal  concent  rat  ion 
x,  we  have  used  the  results  of  second  order  perturbation  theory 
throughout  the  entire  range  of  concentration. 

In  that  case  the  total  free  energy  finally  reads: 

f(1>  ;r;,r  .u.r, 

All  other  thermodynamic  properties  of  the  system  can  be  derived  from 
the  free  energy  expression  (171,  by  taking  t tie  appropriate  derivatives 
with  respect  to  the  thermodynamic  variables  li,  T  and  x.  The  excess 
dibbs  free  energy  of  mixing  is  defined  in  the  usual  way  as 


AGM(PT(,).-^(PXx)-X^(PT«.-1)-(1.*)(;mCPTx=0)  [18] 

where  G  (T,?,x)  =  F  the  molar  free  energy  of  the 

mixturemat  the  concentration  x.'  In  practice,  for  fixed  values  of  T 
and  x,  the  molar  volume  fi  is  varied  to  yield  a  prescribed  value  of 
the  total  pressure  P.  All  the  results  presented  here  are  for  P=0. 

The  molar  volumes  at  zero  pressure  calculated  from  the  second  order- 
perturbation  theory  are  listed  in  tables  for  several  values  of  the 
concentration,  together  with  the  various  contributions  to  the  equation 
of  state,  for  the  system  KXKC11_X.  with  £=0. 


TABLE  1 


Molar  Volumes  and  Various  Contributions  to  the  EOS  at  Zero 
Pressure  for  K  KC1,  with  £=0,  at  T=1250K.  r  is  Defined  by  Eqn.  [10], 
The  Subscriptsxand1Superscripts  i.e.  (1),  (2)  Denote  Respectively  Ions, 
Electrons.  First  and  Second  Order. 


For  the  pure  metal,  the  calculated  molar  volume  is  very  sensitive  to 
the  second  order  term  in  pressure,  due  to  the  fact  that  the  zeroth  and 
first  order  contribut ions  are  of  opposite  signs.  The  calculated  molar 
volume  (which  is  independent  qf  E  at  x=l)  is  considerably  smaller  than 
the  experimental  value  (68  cm  /mole  at  T=1280K'.  This  defect  may  be 
attributed  to  a  poor  convergence  of  the  perturbation  series  for  the 
pressure  in  the  high  temperature  range  of  expanded  liquid  medals  (11). 

For  rhe  pure  salt,  the  ealculqted  molar  volume  is  larger  -han  its 
experimental  value  for  KCl'5!.20cm  'mole  at  T=12S0K) .  But  we  have 
checked  that  this  discrepancy  is  essentially  du«*  to  our  neglect  of  Van 
der  Waals  interactions  in  vhe  inn:<'  potential  model  of  eqns. 

Th°  excess  molar  volume  of  mixing  Af<  is  defined  as: 
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AO„=Q w(P.o(Tk)  -  xni¥l(PrOT».J).('l.<)aM(P:oT<l0)  [ i y i 


The  most  strickinq  result  of  our  calculation  is  its  prediction  of  a 
larqe  negative  excess  volume  at  intermediate  concentrations,  as  shown 
on  figure  2.  Although  the  large  absolute  values  of  these  excess 
volumes  may  be  attributed  to  the  crudeness  of  our  model  (especially  the 
density  independence  of  the  pseudopot ent ills ) .  we  believe  the  sign  of 
the  excess  volume  is  real.  This  is  to  be  cheeked  by  experiments.  Let 
us  note  too  that  the  results  are  sensitive  to  the  value  assumed 
for  t. 


III.  MISCIBILITY  GAP  -  CRITICAL  BEHAVIOR 

The  various  contributions  to  a g  are  plotted  in  figure  3  as  a 
function  of  the  molar  fraction  x  fo?  a  typical  state  of  K  KCl,  •  To 
zeroth  order,  when  AG^  is  iust  the  sum  of  independent  ionic  ana  x 
electronic  contributions,  AG^  is  a  convex  function  of  x  so  that  the 
solution  would  be  thermodynamically  unstable  at  all  concentrations. 

But  when  the  first  and  second  order  corrections  due  to  the  electron- 
ion  coupling  are  added,  AG  becomes  concave,  signaling  that  the 
solution  is  going  to  stabiTize.  This  behaviour  contrasts  with  the 
case  of  binary  ionic  mixtures  (81 M)  or  metallic  alloys  where  the  ionic 
contribution  always  tends  to  stabilize  the  mixture  (12,13). 

As  figure  4  shows  for  one  value  of  1,  as  1  takes  nonzero  values, 
AG^  builds  up  a  convex  portion  on  the  salt-rich  side,  signaling  phase 
separation.  The  concentrations  of  the  coexisting  liquid  phases  are 
determined  by  the  usual  double  tangent  construction.  The  critical 
coordinates,  Tc  and  x  ,  arc  sensitive  to  E  and  are  compared  to  the 
experimental  values  In  the  case  of  K  KCl.  in  table  2.  While  the 
calculated  critical  temperature  can  &e  bfoQqht  into  agreement  by  an 
adequate  choice  of  E ,  the  corresponding  critical  concentration  x  is 
too  small.  This  is  probably  a  consequence  of  the  inadequacy  of  f inear 
screening  theory  (and  hence  pseudo-potential  approach)  on  the  salt 
rich  side  of  the  phase  diagram. 

Figure  5  shows  the  results  we  get  for  K-KC1  and  Rb-RbBr  for 
different  values  of  E . 


E 

0.01 

0.05 

0.2 

0.333 

Experiment ( lb ) 

T  /K 
c 

X 

c 

1250 

0.25 

1650 

0.25 

2300 

0.35 

2500 

0.40 

1073 

0.35 

Table  2 


Critical  Coordinates  for  K  KCl  Calculated  for  Several  Values 
Of  {.  X  i  X 
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The  demix inq  phenomena  can  be  explained  in  terms  of  screening 
lengths.  The  metal-salt  solutions  are  characterized  by  a  competition 
between  a  Debye-Huckel  type  screening  between  the  ions  and  a  Thomas- 
t'ermi  type  screening  due  to  the  rearrangement  of  the  electronic 
background  around  each  charqe.  These  two  different  kinds  of  screening 
are  characterized  by  two  screening  lengths  or,  equivalently,  two 
dielectric  functions.  The  electronic  screening  length  is: 


_±_  (  +  2i£  )  »  U  £  00'i  [20 

lOTe1  Dfo  K2- 

where  uQ  is  the  chemical  potential  of  the  continuous  electron  gas, 
whereas  u  =3(£’*/kl)Pfo  denotes  the  bound  electrons  contribution  to  the 
total  electrochemical  potential.  Using  the  No?. ieres  Pines  (14) 
approximation  for  the  correlation  energy  of  an  electron  fluid  at  zero 
temperature,  we  obtain  the  following  analytical  expression  for  : 


/^=  Z2.M4rz  +  (o.k09  rs  _  0.0  68^- O.OCM  7  rs5)a^ 
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where  r'  =  r  1  /  is  the  modified  Radius  of  the 

pseudopotent?al  f S? .  The  term  0.409  rsa  is  the  Thomas-Fermi 
screening  length  squared,  which  becomes  exact  in  the  limit  of  weak 
coupling  for  the  electron  gas  (r  -»0).  The  first  term  of  eqn  [21] 
exposes  the  electrostrictive  behavior  in  the  response  of  the  system, 
because  of  the  finite  size  of  the  ions  in  the  ion- electron 
interaction.  Let  us  note  that  in  the  metal-salt  solutions,  because  of 
the  strong  variation  of  rg  along  the  phase  diagram, decreases 
guickly  from  metallic  values  to  zero.  This  phenomenon  is  usually 
associated  with  the  appearance  of  a  local  order  (151.  The  screening 
length  loses  its  significance  in  such  situations.  This  is  really 
different  for  BIM  or  binary  alloys  where  the  electronic  screening 
length  is  always  larger  than  the  ionic  one  so  that  the  screenina 
effect  is  dominated  by  the  ions. 


For  the  ions  the  ionic  screening  length  A;  can  be  related  to  the 
ionic  correlation  length,  X ^  through  the  equation: 


DxJ- 


IP 


=  d-  lirvi 
K-o 


M*)'1 


( 22] 
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Here  X-  and  g.  denote  respectively,  the  compressibility  and  the  free 
enthalpy  density  for  the  ions  whereas  X0“8/P  designs  the 
compressibility  of  the  perfect  gas.  A  can  be  shown  to  be  equal  to: 


Xc  =  |  +  *2  ^'l]  l 


12; 


where  S  (o)  is  the  concent  rat ion-concentrat ion  structure  factor  at 
rc 

zero  wave-vector  which  diverges  at  the  critical  point  and  6'  is  the 


expansion  coefficient  if,' 


--  l/p( ap  /ax.  i  i . 

o  i  P ,  T 


VI.  CONCLUSION 


We  have  shown  that  our  really  simple  model  reproduces 
qualitatively  and  at  least  semiquant itat ively  the  structure  and  the 
miscibility  oap  observed  in  metal-salt  solutions.  Moreover,  we  have 
characterized  tins  phenomenon  throuoh  two  screenina  lenaths,  typical 
of  two  different  screening  phenomena.  and  a  correlation  length,  of 
which  the  scalar  value  let  uc  expect  that  the  demixing  critical 
behaviour  of  metal-salt  solutions  is  probably  Isino  like. 
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THEORETICAL  ANALYSIS  OF  COLLECTIVE  MODES  IN 
METAL-MOLTEN- SALT  MIXTURES  AND  MOLTEN-SALT  MIXTURES 
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69622,  villeurt  ^>nne  Cedex.  France 


ABSTRACT 

We  present  the  result^  of  a  theoretical  analysis  of  Iona 
wavelength  collective  modes  in  mixtures  of  metal-molten  salts  and 
mixtures  of  salts.  In  the  former  case  the  calculations  are  made 
:v,:-c,i  the  assumption  of  a  rigid  background  for  the  conduction 
electrons,  and  extended  :  the  metal-rich  concentration  range  by 
taking  *nto  account  the  polarisabil ity  of  the  electron  gas.  The 
most  interest  leg  nredict ion  of  our  analysis  is  that  sound  waves 
should  he  overdamped  oerow  a  critical  wavenumber  for  a  certain 
ranqe  of  concentrations  in  the  salt  rich  region  of  metal-salt 
solutions. 


I .  INTRODUCTION 

In  the  following  sections  we  give  an  analysis  of  collective  modes 
both  in  metal-salt  mixtures  and  molten-salt  mixtures,  we  use 
linearized  hydrodynamics,  i.e.  we  focus  on  the  long-wavelength,  low- 
frequency  limit,  and  extend  our  analysis  for  higher  frequencies,  using 
the  generalized  hydrodynamics,  in  the  K-0  limit.  The  long  wavelenath 
domain  is  the  region  where  collective  modes  occur.  Moreover,  in  a 
strongly  coupled  ionic  fluid,  the  collision  frequency  is  large 
compared  to  all  other  characteristic  frequencies  and  maintains  the 
system  locally  in  thermodynamic  equilibrium,  so  that  the  hydrodynamic 
description  of  this  high  frequency  mode  is,  at  least  qualitatively, 
correct.  For  the  sake  of  simplicity,  temperature  fluctuations  will  be 
neglected  throughout,  so  that  the  heat  diffusion  mode  will  never 
appear  in  our  analysis.  This  is  also  a  reasonable  approximat ion  in 
strongly  coupled  ionic  systems  where  the  potential  enerqy  dominates 
the  kinetic  energy.  In  other  words,  we  assume  the  specific  heat  ratio 
y  =  c  /c  to  be  of  order  1  (which  is  well  verified  for  pure  liquid 
metal! ) . v 

For  the  metal-salt  mixtures,  the  analysis  is  first  carried  out  for 
the  case  of  a  rigid  background,  which  applies  in  the  salt-rich  phase, 
and  then  extended  to  the  situation  where  the  polari sabil ity  of  the  gas 
of  conduction  electrons  can  no  longer  be  neglected  (metal-rich  phase*. 


'present  address:  Department  of  Physics  and  Astronomy, 
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For  all  these  cases  we  have  solved  the  equations  of  hydrodynamics 
for  a  charged  fluid  (1,  d  ,  which  express  the  conservation  of  mast 
density,  char  or  density,  momentum  and  energy  density.  This  latter  has. 
been  iqnored,  the  coupling  between  temperature  fluctuations  and 
fluctuations  of  the  other  variables  being  neglected,  as  already 
neiit  ioned.  TTie  r  *••■••  •  I  ut  inn  of  these  equations  yields  the 
Is/  lie  .dynamic  matrix  -f  which  the  zeros  of  the  determinant  determine 
the  dispersion  relation  of  the  different  collective  modes.  Our 
purpose  here  is  not  to  reproduce  these  calculations  but  iust  to 
summarize  our  results. 

II.  METAL- SALT  SOLUTIONS  -  RIGID  bACKGkuUND  MODEL 

We  consider  mixtures  of  the  type  M  w^ere  x  is  the  mole 

fraction  of  the  alkali  metal.  The  metallic1  ions  have  a  mass  Mj  and 
carry  a  positive  charge  Z.e,  while  the  halogen  have  a  mass  rru  and 
carry  a  negative  charge  Z^e.  The  number  densities  of  both  species  are 
respectively  and  p^..  It  is  convenient  to  choose  as  independent 
variables  the  temperature  T  and  the  mass  and  charae  densities: 

2-  £ 

0=  ^  ;  Cz  =  ,,1C'2';£  f  n 

The  thermodynamic  potential  associated  with  these  variables  is  the 
Helmholtz  free  energy  density  t.  (row  which  all  thermodynamic 
quantities  are  derived.  The  two  characteristic  frequencies  of  our 
two- component  system  are  the  hydrodynamic  plasma  frequency 

=  (^fz.  /  (m  )  f  d 

which  occurs  naturally  in  the  long-time,  col  lision-domi.iated  regime, 
and  a  frequency  associated  to  the  mutual  diffusion  between  the  two 
species  or,  equivalently,  the  ionic  conductivity  o: 

coc  =  4Tr<r  (  :-i 

The  determinant  of  the  hydrodynamics  matrix  results,  in  that  case,  in  a 
cubic  equation  id): 

Zl  +  -t-  bk  )  +  z(blx<X>k  +GJ1  f  C*U  )  +  +  ]  *  0  f  ‘'i 

P  K  j 

with 

w,  =  c oc  +  U  cry  ~V*  )  _  cr  f fiTT  +•  k  (  ‘V*  a  i 


oil 


f  b] 


u_  is  the  electrochemical  potential  coniuqate  to  the  charqp  density,  h 
i?  the  Jn^qitudinal  kir«3t  ir  viscosity,  k.  is  the  ionic  screening 
lenatii.  c‘  'Vfm*  is  the  aofujl  velocity  of  the  mixture  i  in  tiie 
assumption  y  1).  and  c '  -  c 

velocity  c  in  the  pure  salt. 

in  t  ( ,o  lorm-w  jve  length  (k-0-  limit ,  tin?  three  roots  or  (41  are: 

Z,«°  S  zr,5  »  -jl^  *  ]  f  *1 

Near  i  he  pule  nipt.ii  co  ).  the  roots  and  zi  are  complex 
uVi iuqat e  ancl  correspond  tt  two  pi^nen  modes  of  frequency  *  u>  .  while 
the  root  z  j  corresponds  to  the  k-*u  limit  ot  collective  diffusion  mode. 
In  the  opposite  limit  of  the  pure  molten  salt  >2u  -.0  i  .  the  doublv 
degenerate  root  zt  -  z,  -•  0  is  the  zero  wavenumber  remnant  ot 
propoq.V  inq  sound  mode?,  while  ",  -  -w  corresponds  to  a  fully  damped, 
non-hydrodynamic.  charge  relaxation  moBe,  with  a  relaxation  time  i  - 
1  /«  i . 

1  X  .  1  .  METAt.  RICH  MIXTURES  (w  "w  ) 

P  o 

Pert  urh.it  iria  around  the  non  zero-root .  we  sol  ye  equation  [41,  and 
find  a  Purely  diffusive  mode  (z  in  [6))  z  -  -D  k‘  .  with  a  collective 
diffusion  constant  given  hy:  " 

=  c'l(we/^)  f 

and  two  plarmcn  modes  with  the  dispersion 


m  Ob- 'tyn),  reduces  tc  the  f  und 


*  CW-I>M)ur0  yt  |eal 

H  ^  ;J 

and  the  damping 

r  =  c_<  = 

In  the  limit  of  the  pure  met  cal  m  =0),  we  recover  the  result  for  the 
OCR  (9).  The  two  main  effects  of°the  inclusion  of  salt  (u  Oi  is  to 
lower  tiie  plasma  frequency  u  and  to  make  the  dampinq  of  tfie  plasmons 
finite  even  at  zero  wave  number,  due  to  inter  diffusion  of  the  two 
ionic  species  which  dominates  tiie  purely  viscous  damping  in  the  pure 
metal.  Moreover,  as  w  decreases  due  to  the  addition  of  salt,  the  k- 
dependent  term  in  f 8a F  becomes  more  and  more  important,  and  the 


cv  ,  «,,[(!.! 

a.-d 
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Plasmon-like  dispersion  will  eventually  turn  into  an  acoustic  one. 


U.J  CALT  RICH  MIXTURES  (w  >  >u  ) 

. - —  •  -  -  o  P 

In  this  case,  we  solve  the  eqn.  [4]  by  iookina  for  small 
perturbations  around  the  non -hydrodynamic  fully  damped  charqe 
relaxation  mode  z  -  ~u  .  following  the  analysis  of  Giaguinta  et  al. 
(4),  we  distinguish  tw8  wavenumber  regimes  according  to  the  relative 
values  of  the  two  characteristic  frequencies  w  and  ck  associated  with 
charge  relaxation  and  sound  propagation  respectively. 

(i)  At  sufficiently  long  wavelengths,  such  that  k< kQ  *  u  /c,  the 
frequency  u  associated  with  charqe  relaxat ion  dominates  all  other 
characteristic  frequencies  of  the  mixture.  The  rully  damped  mode  has 
a  relaxation  time 


u2- 


I  91 


where  the  two  last  terms  represent  corrections  relative  to  the  pure 
molten  salt,  due  to  the  presence  of  a  finite  concentration  of  metal 
The  two  remaining  roots  correspond  to  acoustic  modes  z  =  i  ic.k-I72 
with  a  sound  velocity 


C 


z. 

s 


and  an  attenuat ion 


-  Ip  (wf/lw,1) 
1  _  (  c op 


r 


:  io  i 


Only  the  third  term  on  the  RHS  of  [11]  contributes  in  the  pure  molten 
salt,  where  charge  and  density  fluctuations  are  decoupled.  The 
addition  of  some  metal  introduces  a  small  coupling  between  these 
fluctuations,  and  the  attenuation  remains  finite  as  k->0.  The  coupling 
between  charge  arid  mass  fluctuations  is  also  responsible  for  the 
i  deviation  of  the  sound  velocity  (10)  from  its  value  c1  in  the  pure 

salt.  The  most  important  result  in  this  long  wavelength  regime  is 
that  sound  propagat ion  is  not  possible  at  all  concentrations.  It  is 
possible  only  if  the  general  dispersion  relation  [4]  has  two  complex 


r on  1  UQci  t:  i?  r oo t  s 


The  condition  for  sound  propagation  is  hence: 


r1  _  ^c/\uocsu  <  o  1121 

Retaining  only  terms  up  to  order  V  we  obtain  the  following 
condition,  from  til,  till,  1121: 

<  4  U  ~  Kl/Kcl  nr: 

V, 

This  means  that  for  a  aiven  wavenumber  k  (smaller  than  i ,  there 
exists  a  range  of  concentrations,  delimited  by  the  inequalities: 

(  k  /Uo  )  4  <  Ulp/We  <  ViL  '  141 

where  all  collective  modes  are  overdamped  or  equivalently,  for  a  given 
metallic  concentration,  sound  propagation  is  possible  only  if  the 
wavenumber  k  is  larger  than  a  critical  value  k  -k  in  /«  :*•  .  At 
higher  metal  concentrations,  plasmon  like  modes  p?oc>§ai?e  i  see  i  *:•]), 
while  at  Lower  metal  concentrations  the  mixture  sustains  sound  waves, 
hut  due  tg  concentration  -tap  1141.  there  is  no  crossover  between  the 
two  types  of  propagating  modes. 

( ii  '>  '  wavelengths  sufficiently  short  so  that  k  -k  . .  the  sound 

wave  tree  nev  ok  dominates  the  charge  relaxation  frequency  u  .  Ir. 
that  case  the  relaxation  time  of  the  fully  'lamped  -haroe  mode'is: 


1*1 


The  two  remaining  modes  are  sound  waves  ot  velocity 

cs  -  c  tic] 

jnd  attenuation 


T  =  t>  U  +-  uo  -  UJ  Vl 

U  0  c 


r  b  1C1  ' 


The  main  difference  between  the  two  regimes  ii  and  ii!  lies  in  the 
sound  attenuation  r  which  is  dominated  by  mutual  diffusion  ror  k'K 


and  by  viscous  forces  for  k<k  .  Moreover  sound  waves  propagate  at  any 
metal  concentration  as  soon  a§  k>k  and  crossover  directly  into 
plasmon  modes  in  the  metal-rich  phise.  The  difference  between  the  two 
regimes  is  shown  in  figure  1. 

III.  METAL-SALT  SOLUTIONS. EFFECT  OF  ELECTRON  SCREENING 

In  the  metal  rich  phase  the  electron  density  is  high  and  the 
associated  screening  length  X  is  of  the  order  of  the  inter-ionic 
spacing.  Hence,  whenever  the  wavenumber  k  is  smaller  than  this 
electronic  screening  wavenumber  k  ~l/x  ,  the  coupling  of  the 
conduction  electrons  to  the  collective  modes  of  the  solution  cannot  be 
ignored.  But,  because  of  the  large  ion  to  electron  mass  ratio,  the 
adiabatic  approximation  for  the  electron  gas  is  justified,  so  that 
frequencies  characteristic  of  the  fast  electronic  motions  will  never 
appear  in  the  equations.  Moreover,  in  the  metal  rich  phase,  we  expect 
the  ion-electron  interaction  to  be  weak  so  that  we  consider  the 
response  of  the  electron  gas  in  the  linear  screening  approximation. 

The  electronic  contributions  to  the  total  free  energy  density  f 
must  be  taken  into  account;  this  leads  to  a  renormalisation  of  the 
chemical  potentials  u  and  u  .  The  characterist ;c  frequency  [4]  is 
changed  to: 


UJ  =  <T  [  Jl 2L_  -t-  ^  )  ]  [18] 

K  £e(*)  ^ 

where  u  is  now  t he  renormalized  electrochemical  potential  conjugate  to 
the  charge  density  and  e  (k)  is  an  effective  electronic  dielectric 
function  which  accounts  for  the  short-range  non  coulomb ic  part  of  the 
ion-electron  coupling  (Si.  its  long  wavelength  form  determines  the 
electron  screening  wavenumber  by  the  relation  {  fkW-tk  'k*  .  For 
k  kj  we  recover  the  case  of  a  rigid  background  described  previously. 

In  the  polar! sable  background  (k  k>,  the  fundamental  difference 
arises  from  the  fact  that  «  now' vanishes  with  k,  as: 


UJ,  a  ^  ~  )  lfi  =  dk1  H9] 

sc-  th/it  the-  d i 'r”' it- ion  rel  it  i  ;-n  [4]  t-akes  the  form: 

z3  +  zJ 1  [(J  +  k )  IX1  ]  +  z  [(cL  +  ^fu) U1  +- u  K* ] 

Ke 

-t-Ld0c'2-(U-%K^)U^  =  o  t20) 


which  is  reminiscent  of  that  for  a  neutral  one  component  fluid,  the 
thermal  diffusivity  in  the  latter  being  replaced  by  the  ionic 
conductivity  in  the  present  case.  Over  the  whole  ranqe  of 
concentrations,  eqn  [20]  has  two  complex  conjugate  roots  of  the  form 
[101.  corresponding  to  propag|ting  sound  waves,  and  a  purely 
diffusive,  real  root,  z  =  -Dk  .  The  sound  velocity  is  given  by: 


where  x  is  the  total  (i.e.  ionic  plus  electronic  contributions) 
compressibility  of  the  mixture.  The  sound  attenuation  is: 

r  =  ( t  t  d  .  l  )  ^  (22) 

where  the  collective  diffusion  constant  is  given  by: 


T>  -  Utt<t(£  )*•  ( u;2'  +  k;1  ) 

cs 


As  expected,  the  main  effect  of  electronic  polarisability,  which 
occurs  in  the  metal-rich  side  of  the  diagram  is  to  transform  the 
plasmon-like  modes  of  the  rigid  background  into  accoustic  modes,  as  in 
the  pure  metal  (4). 

IV.  METAL-SALT  SOLUTIONS.  HIGH  FREQUENCY  BEHAVIOUR 

In  order  to  extend  our  analysis  at  hiqher  frequencies,  we  outline 
a  generalized  hydrodynamics  description  of  lonqitudinal  collective 
modes  In  metal-salt  solutions  in  the  k-»0  limit.  In  this  limit,  the 
frequence  w  must  be  replaced  by  its  frequency-dependent 
generalization,  i.e.  after  Laplace  transform: 

cuo  (z)  =  Uir  ct(z)  =  S  /[z-hM(2.)]  1 24 ) 

where  M(z)  is  the  memory  function  associated  ^it£  the  frequency 
dependent  ionic-conductivity  o(z>,  and  6  -  n  -w*  is  the 

difference  between  the  kinetic  plasma  frequency  which  occurs  in  the 
short-tim§,  vlaslov  type,  description  of  ionic  dynamics  (fl  = 

4np  (z  e)"/m  ),  and  the  hydrodynamic  plasma  frequency. 
a  a  a 

Single  relaxation  time  approximation  for  M(t)  yields: 
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M(t)=  M(o )  e'^C  »  eT  ;  M(z)  =QJ/(zt-Zi  )  r25) 


where  ft  ( k )  is  easily  calculated,  using  standard  procedures  (6,31, 
and  theJrelaxat ion  time  i  can  be  determined  from  the  static 


conductivity  via: 


cr  =  o-(  z  =o)  =. 


f  26) 


irrrMfo)  ^fl3Z 

The  dispersion  relation  f 4 ]  becomes: 


[z  +  M(z)]  +  ^z2-  +  ojp  z  [z  +  =  O 


(27] 


hence 


2  4-n3/(z  +  c-  ) 


+•  Z. 


=  O 


[28] 


In  the  pure  metal  we  recover  the  undamped  plasmon  modes  z=t lw  .  A 
perturbation  calculation  based  on  (28]  shows  that  if  some  saPt  is 
added,  the  plasmon  frequency  is  slightly  shifted  to: 


LO 


[29] 


while  the  damping  is  given  by 


2  to1; 


[30] 


We  see  from  (291  and  (30]  that  the  generalised  hydrodynamics 
calculation  leads  to  a  shift  above  the  kinetic  plasma  frequency  ft  , 
whereas  the  linearized  hydrodynamics  predicts  a  frequency  below  tne 
hydrodynamic  plasma  frequency.  This  is  a  wellknown  failure  of  the 
linearized  hydrodynamics  (7), 
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On  the  salt-rich  side,  the  main  consequence  of  introducing  a 
frequency-dependent  conductivity  is  to  predict  the  existence  of 
plasmon  modes,  reminiscence  of  the  'optic'  modes  of  the  crystal.  The 
frequency  of  these  modes  is  given  by: 


[31] 


Comparing  with  eg.  [25],  [30],  we  conclude  that  the  plasmon  modes  of 
the  metal-rich  region  do  not  vanish  at  a  salt  concentration,  such  as 
u  =2u  ,  as  predicted  by  linearized  hydrodynamics,  but  survive  all  the 
way  ihto  the  salt-rich  phase  where  they  coincide  with  the  familiar 
'optic'  modes  of  ionic  systems. 

V.  MIXTURE  OF  MOLTEN-SALT&  MXj-MXj 

We  concentrate  on  mixtures  of  molten  salts  with  the  same  cation  M. 
The  independent  thermodynamic  variables  are  chosen  to  be  the 
temperature  T,  the  Boss  density  p  ,  the  charge  density  p  and  the 
concentration  x  of  particles  X,,  defined  respectively  as? 


Ip  z 


[32] 


where  p  =p,z2eto3z3e  is  the  density  of  negative  ions, 
electroneutrality  condition  yields  pz=0. 


The  global 


We  stive  the  equal  ions  of  linearized  hydrodynamics  in  a 
similar  wav  to  that  in  previous  sections.  we  only  have  to  add  a 
current  c^r.t'-x;?  (r,  ti  •  i  ir.t).  The  ''invective  part 
!_  is  due  to  the  total  current  of  negative  charges,  t  being  the 
mutual  diffusion  current  between  species  2  and  5.  Ignoring  again  the 
energy  conservation  law,  the  determinant  of  the  hydrodynamic  matrix, 
is  given  new  by  a  quart ic  equat ion:  (do) 

+  z3  [we  b  l*(L> 

4-  Zl  [^(c2  +  Lcuo  tc^0\JXA__u^2;(  )  +  0  (  )] 

+  Z  [K^C2-  ♦  o(K4)]  +  oCK1*)  =  O  [33 


The  v  are  the  elements  of  the  generalized  diffusion  matrix 
uaB(o=e,x;  8=z,x,m>.  This  latter  is  the  product  of  the  mobility 


_  in 


! 


matrix  A  . ,  ot  which  elements  are  expressed  in  the  Kubo  linear 
responsea¥heory  as  a  correlation  of  the  currents: 


A^=Wrj  <<j/0)r)p(t)>Jt 

o 

and  the  inverse  susceptibility  matrix,  related  to  the  chemical 
potentials  via: 


and  Wj  are  the  two  characteristic  relaxation  frequencies  given 

Lk>0  =  U  TT  G~ 

^  2  X 


m  the  infinite  wavelength  limit,  the  four  roots  are  easily 
determined: 


The  dispersion  and  damping  of  these  modes  are  determined  like 
previously  by  standard  perturbation  up  to  order  k‘ ,  starting  from 
these  zero  wavenumber  solutions.  The  fully  damped  mode  (z2  =  -ui 
a  relaxation  time  t  such  that: 

C’1  =  u,0 

Factoring  out  this  mode  yields  a  cubic  equation  which  gives  the 
three  other  modgs6disperg ion  relation.  The  discriminant  of  this 
equation,  A  =  4k  c  +  oik  )- is  always  positive,  indicating  the 
existence  of  two  complex  conlugate  roots  corresponding  to  two 
propagating  sound  waves  z,  ,  =  ;  ic  fc  -  r/i  and  to  a  rea^  root 
corresponding  to  a  fully  damped  diffusive  mode  z,  =  -  DK  .  The 
velocity  of  the  sound  waves  at  zero  wavenumber  is 
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[35] 

[36] 

by: 

[  3  7ai 
f37b] 
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)  has 
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Cs  =  C-  -  ^  /  ( (rn  ^r)  ^  f  40  ] 

and  the  sound  attenuation  is  qiven  by: 

r  =  U2-  [  b  a-  2H-  ^  (A.  _  )"]  +  o(k‘1)  Mi] 

C-C  ^  0- 

where  A=A  is  the  mutual  mobility  of  the  two  salts,  dominated  by 
viscosityxxcharge  diffusion  and  interspecies  diffusion. 

The  most  interesting  result  is  that  this  sound  attenuation  is  of 
the  order  k  and  does  not  include  a  constant  (k  independent  term), 
contrary  to  the  case  of  molten-salt  embedded  in  a  rigid  background, 
described  in  section  I.  Actually  this  constant  term,  proportional  to 
the  free  electrons  density  p  .  was  responsible  for  the  overlapping  of 
sound  propogation  f see  eqn.  ? 1 1 .  In  this  case,  although  the  overall 
electroneutrality  is  insured,  the  local  electroneutrality  condition  is 
violated  by  any  low  frequency  motion  of  the  ions.  The  i iqid 
background  then  overdamps  the  oscillation  in  order  to  prevent  ‘hM 
local  electroneutrality.  Obviously,  tills  phenomenon  disappears  in  the 
case  of  a  polar izahle  background  because  of  the  spontaneous 
rearrangement  of  the  electrons,  and  in  a  mixture  of  molten  salts 
because  of  t lie  absence  of  free  electrons. 

The  other  typical,  result  in  our  mixture?of  molten-salts  is  the 
appearance  of  a  new  diffusive  mode  Zj  =  -Dk.  ti  consequence  of  the  extra 
degree  of  freedom  introduced  by  allowing  mutual  diffusion  between  the 
species  and  MX3. 

A  very  crude  analysis  within  the  framework  of  generalized 
hydrodynamics  in  the  limit  of  zero  wavenumber,  like  in  111,  confirms 
the  existence  of  plasmon  modes,  remnant  of  the  crystal  optical  modes. 
Let  us  note  as  an  interesting  result  that,  if  the  ions  X3  are  replaced 
by  "massive"  electrons,  this  model  can  be  viewed  as  a  special  case  of 
metal-molten  salts  on  the  very  salt-rich  side  of  the  phase  diagram 
where  the  electrons  are  known  to  be  trapped  in  localized  defects  as  F 
centers  (6). 


VI .  CONCLUSION 

The  main  predictions  of  our  different  analysis  are  the  foliowing 
ones.  For  metal-salt  solutions,  in  the  rigid  background  model  (valid 
in  the  salt  rich  side),  linearized  hydrodynamics  predict  propagating 
plasmon  modes  in  the  metal-rich  region,  up  to  a  concentration  such 
that  w  -2u  ,  while  the  generalized  hydrodynamics  show  that  these 
'opticv  mooes  persist  up  to  the  pure  salt.  Their  freguency  lies  above 
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the  Kinetic  plasma  frequency  fl  and  their  damping  is  dominated  by 
ionic  conductivity  ( interdiffu§ion)  and  vanishes  in  the  k-»o  limit  only 
for  the  pure  metal.  Interdiffusion  of  the  two  species  leads  to  a 
fully  damped  charge  relaxation  mode  which  has  a  finite  lifetime  at 
zero  wavenumber  for  any  non-vanishing  salt  concentration.  Sound  waves 
propagate  in  the  pure  molten  salt  at  long  wavelengths  but,  as  metal  is 
added,  the  acoustic  modes  cease  to  propagate  below  a  critical 
wavenumber  k  because  of  the  coupling  between  charge  and  mass  density. 
This  overdam^ing  of  propagating  waves  is  the  consequence  of  the 
presence  of  a  rigid  electronic  background  of  finite  density.  As  soon 
as  either  the  electron  gas  is  more  dense,  i.e.  in  the  region  of  higher 
metallic  concentrations,  or  the  electrons  are  trapped  in  "F-ceriters' 
defects  and  can  be  considered  as  massive  negative  particles,  the  sound 
waves  keep  propagating.  However  there  could  be  a  small  region  in  the 
phase  diagram  (for  metallic  concentrations  between  5  and  20%)  where 
'he  rigid  electron  background  might  be  valid  and  where  an  overdamping 
1  f  the  Sound  waves  might  be  observed. 

Screening  by  conduction  electrons  modifies  tire  predictions  of  the 
rigM  background  model  in  the  n.etal-rich  region,  where  the  plasmon 
modeo  are  changed  into  hydrodynamic  sound  waves. 

For  i  i!  ixture  of  molten  sal*  -  ,  most  of  the  results  of  the  rigid 
1  ..ckgie'ind  are  recovered,  i.e.  the  charge  relaxation  mode  arid  the  two 
1  la.om;",  nodes  remnant  of  The  crystal  optic  modes.  The  two  main 
■  ’iff  :■■[  e.  lie  in  *!.e  pet  listen.  of  sound  wave  propagation  a*  long 
wavelength  and  in  the  app. i • i l i on  of  a  central  (m-0)  non- thermal 
diffusive  mode,  duv-  to  the  mutual  diffusion  of  the  two  species. 
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ABSTRACT 


The  electronic  conductivity  of  molten  NaCl  was 
determined  as  a  funct  ion  of  t he  activity  of  Na  at  850 
and  900 °C  by  using  tine  Wagner  polarization  technique. 
A  new  cell  design,  which  prevented  evaporation  of  Na, 
was  essentia!  for  obtaining  good  results. 


INTRODUCTION  AND  THEORY 

Dissolution  of  Na  in  molten  NaCi  gives  rise  to  an  in.'rease  in  *  be 
total  electrical  conductivity,  which  increases  as  t!ie  activity  of  1.  ( 
increases.  The  same  behavior  has  been  found  f  tr  other  alkali  metal-, 
dissolved  in  alkali  halides  as  well  as  for  mixtures  ot  alkaline  earth 
metals  and  alkaline  earth  halides.  Trie  increase  in  conductivity  : «; 
believed  to  be  elecr,*onic  and  may  exceed  the  Izr.ie  conductivity. 
Experimental  results  have  been  reviewed  bv  dig  <  1  )  and  Warren 

(2,3). 

In  cases  where  the  electronic  part  of  t  lie  ••■•nduct  ivitv  is  sn.a  1  1  , 
i.e.,  when  the  activity  of  the  metal  is  low,  diie:t  conduct  iv  it  v 
measurements  must  be  replaced  by  nr-'  sensitive  i:  ,.-»t ■  is  .  Wagner 
developed  theories  for  treatment  of  galvanic  ells  with  lid  ele.tr'  - 
lytes  which  exhibit  both  ionic  and  elect  r-  n.  .-or.  due*.  :  ,  and  the 

so-called  polarization  technique  has  coen  used  j-v  cr  t  ir.g  small 

electronic  contribution  to  the  total  conduct  ivit  y .  Fran  and  ceworke  r.; 
(6, 7,8,9)  and  Huggins  et  al.  (I0<  have  applied  War  n«  r  ’  s  theories  t 
molten  salts  equilibrated  with  metal. 

The  experimental  relationship  between  steady  state  current  and 
potential  can  be  determined  for  a  coll  such  as 

Tafs)  | MdCI f I i | Na-B i ( i )  ( 1 1 

The  tantalum  electrode  is  made  negative  with  respect  *  ■  the  Na-Bi 
alloy  which  also  determines  the  activity  n f  Na  in  NaCl.  Tl  potential 
across  the  cell  is  always  lower  t han  the  decomposition  voltage  of  the 
salt.  The  concentration  of  electrons  will  build  up  at  the  negative 
electrode  (Ta),  and  the  current  through  the  cell  is  caused  by  the 
concentration  gradient  of  electrons.  Ionic  migration  is  supressed  and 


electronic  conduction  dominates.  The  activity  of  Na  at  the  negative 
electrode  can  be  calculated  from  the  measured  potential.  The  activity 
of  Na  in  the  alloy  must  then  be  known.  The  electronic  conductivity 
(*e)  can  be  calculated  from  the  experimental  current  versus 
potential  curve  from  the  following  equation 

<2) 

where  G  is  the  cell  constant.  Since  the  measured  potential  corre¬ 
sponds  to  a  certain  activity  of  Na  at  the  negative  electrode,  the 
electronic  conductivity  can  be  determined  as  a  function  of  the 
activity  of  Na  in  NaCl.  The  theory  for  the  polarization  technique  is 
valid  provided  that  the  mobility  of  electrons  is  constant  and  inde¬ 
pendent  of  the  activity  of  Na. 

Egan  and  Freyland  (11)  have  developed  a  defect  model  for  molten 
NaBr-Na  mixtures  based  on  studies  of  solid  alkali  halides  witn  excess 
metal  by  Krdger  (12)  and  Wagner  (13).  Upon  dissolution  of  metal  the 
following  is  a  qualitative  description  of  what  takes  place.  In  the 
pure  stoichiometric  salt  the  concentration  of  electrons  and  electron 
holes  is  equal.  When  Na  is  added  the  concentration  of  electrons 
increases.  Upon  further  addition  of  Na  the  concentration  of  electrons 
increases  in  proportion  to  the  concentration  of  anion  vacancies. 
Formation  of  F-centers  by  association  of  electrons  and  anion  vacancies 
occurs  upon  even  further  addition  of  Na.  At  high  activity  of  Na 
F-center  dimers  are  the  predominant  defects.  The  concentration  of 
defects  as  a  function  of  the  activity  of  Na  is  schemat ical ly  presented 
in  Figure  1.  Quantitative  relationships  are  obtained  by  applying  the 
law  of  mass  action.  In  particular,  the  concentration  ot  elections  is 
obtained  as  a  function  of  Na  activity.  This  model  may  also  be  applied 
to  similar  systems  such  as  NaCl-Na.  The  model  provides  a  quantitative 
correlation  between  the  thermodynamic  and  optical,  magnetic  or 
electrical  properties  of  the  systems. 


EXPERIMENTAL 

The  experimental  cell,  which  is  shown  in  Figure  2,  consists  of  a 
tantalum  crucible  (6)  containing  NaCl  (4)  in  contact  with  a  Na-Bi 
alloy(15  mol  %  Na)  (5),  a  reference  electrode  with  a  Na-Bi  alloy  of 
known  composition  (3)  and  an  inert  Ta  electrode  in  a  sapphire  tube  (8) 
of  known  geometry.  The  sapphire  tube  is  filled  with  electrolyte,  and 
the  Ta  electrode  and  the  sapphire  tube  form  a  vacuum  tight  seal  pre¬ 
venting  the  evaporation  of  Na.  The  activity  of  Na  in  the  bulk  NaCl 
(4)  is  controlled  by  equilibration  with  the  Na-Bi  alloy  (5)  of  known 
activity.  A  constant  current  is  applied  through  the  cell  making  the 
Ta  cup  positive  and  the  Ta  electrode  inside  the  sapphire  tube  nega¬ 
tive.  The  potential  between  the  electrodes  is  measured  as  a  function 
of  time,  and  the  stationery  value  obtained  after  a  long  time  (40  min) 
is  recorded.  A  series  of  such  corresponding  potential  versus  current 
data  is  measured  so  that  the  electronic  conductivity  can  be  calculated 
as  a  function  of  potential  according  to  equation  2.  The  cell  constant 
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is  determined  by  the  geometry  of  the  sapphire  capillary.  AC 
resistance  measurements  are  also  made  periodically  between  the  Ta 
electrode  and  the  large  Ta  cup  as  a  control.  The  composition  of  the 
Na-Bi  alloy  in  the  large  Ta  cup  is  also  checked  after  each  run  by  a 
titration  method  involving  the  reference  electrode.  All  Ha  is  coulo- 
metrically  removed  from  the  reference  electrode  and  then  added  again 
until  the  potential  between  the  reference  alloy  and  the  larger  Na-Bi 
alloy  is  zero.  The  composition  of  the  Na-Bi  alloy  is  then  known,  and 
the  activity  of  Na  is  calculated  from  thermodynamic  data  for  Na-Bi 
alloys  (14-17). 


RESULTS  AND  DISCUSSION 

The  current  versus  potential  data  obtained  for  the  NaCl-Na  system 
at  900*C  are  shown  in  Figure  3.  Similar  results  were  obtained  at 
850“C.  The  experimental  data  were  fitted  to  «u  arbitrary  exponential 
equation,  and  the  solid  line  in  Figure  3  was  calculated.  The 
derivative  or  the  current  with  respect  to  the  potential  was  calculated 
for  the  I  versus  E  curves  for  the  potential  region  under  study  by 
using  a  computer  program.  The  electronic  conductivity  was  calculated 
according  to  equation  (2),  and  the  activity  of  Na  was  calculated  as  a 
function  of  potential  from  the  measured  emf .  The  results  are 
presented  in  Figures  4  and  5  showing  the  relation  between  the 
electronic  conductivity  and  activity  of  Na  in  NaCl  at  850  and  900°C. 
Conductivity  data  at  high  activities  from  Bronstein  and  Bredig  (18) 
are  given  as  a  comparison,  and  by  extending  the  present  results  to 
high  activities  the  agreement  with  literature  data  is  reasonably 
good.  This  agreement  confirms  the  validity  of  the  polarization 
technique,  and  also  implies  that  the  electron  mobility  does  not  vary 
much  with  Na  activity. 

The  present  results  supersede  those  reported  by  Davis  et  al.  (8) 
because  Na  did  not  evaporate  from  the  sapphire  capillary.  However, 
evaporation  of  Na  from  the  crucible  occured  during  the  experiment  at 
900°C.  This  caused  a  change  in  the  composition  of  the  Na-Bi  alloy, 
corresponding  to  a  drop  in  Na  activity  from  7.0-10"4  to  6.5»10-4.  At 
850°C,  the  alloy  composition  appeared  to  remain  constant  during  the 
experiment . 

Values  for  the  transport  number  of  electrons  can  be  calculated 
from  the  following  equation 

te  =  *e/(Ke  +  Kion)  (3) 

where  Kjon  t^e  specific  conductivity  of  pure  NaCl,  which  has  been 
determined  by  Van  Artsdalen  and  Yaffe  (19).  The  calculated  transport 
number  of  electrons  and  the  electronic  conductivity  are  given  as  a 
function  of  concentration  and  activity  of  Na  in  NaCl  at  850  and  900°C 
in  Tables  1  and  2.  The  concentration  cf  excess  Na  is  listed  as  6, 
which  is  used  as  a  parameter  in  the  defect  model,  defined  as 
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6  =  (4) 

where  x^ja  is  the  mole  fraction  of  Na  in  NaCl .  Data  for  the  activity 
of  Na  in  NaCl  have  been  published  by  Smirnov  et  al.  (20)  and  shown  in 
Figure  6  as  Na  activity  versus  6  at  900°C.  These  results  were  used 
for  calculating  5  as  a  function  of  Na  activity  in  Tables  1  and  2. 

Recent  experiments  in  other  alkali  halides  suggest  that  iron  is 
more  suitable  than  tantalum  as  the  '"rert  electrode.  Transient 
techniques  may  also  be  applied  to  the  same  cell,  and  such  experiments 
can  hopefully  make  it  possible  to  determine  the  electron  diffusion 
coefficient  and  mobility. 
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Figure  1.  Schematic  Representation  of  the  Defect  Concentration 
Function  of  Na  Activity  in  Molten  NaCl. 
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Figure  2.  The  Experimental  C< 


1  -  Ta  leads 

2  -  alumina  tube 

3  -  Na-Bi  alloy,  reference  ele 

4  -  NaCl  (liq) 

5  -  Na-Bi  alloy 

6  -  Ta  cruc i ble 

7  -  Ta  elect  rode 

8  -  sapphire  tube 


Table  1.  Values  for  the  Transport  Number  of  Electrons  and  the 

Electronic  Conductivity  as  a  Function  of  Excess  Na  (6)  and 
Na  activity  in  NaCl  at  850*0. 


s 

aNa 

K  g  chw'  tin'1 

.00016 

.0005 

.0013 

.005 

.00017 

.0011 

.0019 

.007 

.00019 

.0025 

.0029 

.011 

.00023 

.0056 

.0045 

.017 

.00032 

.0129 

.0072 

.027 

.00053 

.0294 

.0121 

.046 

.00103 

.0673 

.0225 

.086 

.00154 

.  1018 

.0322 

.125 

.00191 

.  1251 

.0391 

.  152 

.00240 

.1539 

.0478 

.  188 

.00305 

.  1893 

.0589 

.235 

.00393 

.2327 

.0731 

.  296 

.00513 

.2862 

.0913 

.377 

.00678 

.3519 

.1143 

.484 

.00907 

.4328 

.  1432 

.627 

.01230 

.5322 

.  1791 

.818 

.01688 

.6545 

.  2228 

1.075 

Table  2. 

Values  for 

Electron ic 
Na  activity 

the  Transport  Number  of  Electrons  and  the 
Conductivity  as  a  Function  of  Excess  Na  (6)  and 
in  NaCl  at  900*C. 

s 

aNa 

te 

*0  ohm'1^1 

.00014 

.0007 

.0020 

.008 

.00016 

.0015 

.0029 

.011 

.00019 

.0032 

.0044 

.017 

.00025 

.0072 

.0068 

.026 

.00039 

.0158 

.0108 

.042 

.00070 

.0349 

.0184 

.072 

.00149 

.0770 

.  0348 

.139 

.00229 

.  1144 

.0502 

.  204 

.00289 

.1395 

.0609 

.  251 

.00371 

.1700 

.0745 

.311 

.00480 

.2072 

.0915 

.  389 

.00630 

.  2526 

.1129 

.492 

.00836 

.  3079 

.  1394 

.  626 

.01122 

.  3753 

.1720 

.803 

.01523 

.4575 

.2116 

1.047 

.02090 

.  5576 

.  2586 

1  .  348 

.02897 

.6797 

.3130 

1  .  761 
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Abstract 

A  partial  structure  factor  analysis  (based  on  the  chlorine) 
isotopic  substitution  method  in  neutron  scattering 
experiments)  of  the  solutions  Kx(KCl)i_x  with  x  >  0.8  and 
0.6  shows  how  strongly,  the  hot  liquid  metal  can  be 
structured  by  the  introduction  of  salt.  The  measurement 
of  the  structure  factor  of  pure  liquid  potassium  up  to 
700°C  is  used  in  the  discussion.  Extended  sound  modes 
measured  in  the  metallic  regime  were  similar  to  the 
ones  observed  in  pure  metal.  With  the  addition  of  salt, 
strong  damping  effects  are  observed  and  related  to  the 
structuring  effect  created  by  the  salt. 


The  addition  of  salt  in  a  liquid  alkali  metal  generates,  over 
a  concentration  range  which  depends  on  the  metal,  a  non-stability 
domain  (miscibility  gap)  together  with  a  strong  scattering  regime 
for  conduction.  Near  the  pure  salt  limit  of  the  phase  diagram,  the 
short  range  order  is  related  co  full  ionic  bondine,  the  excess 
electron  becoming  localized  or  solvated  because  of  fluctuations  of 
the  Coulombic  potential  assisted  by  local  structure  rearrangements 
(1)  (2).  On  the  metal  rich  side,  although  thermodynamics  (3) 
predict  a  significant  restructuring  of  the  hot  liquid  metal  by  the 
halogen  ions,  analysis  of  conductivity  or  excess  magnetic 
susceptibility  data  (4)  indicated  nearly  free  electron 
behaviour  down  to  a  very  large  fraction  of  salt  (x  =  0.5). 

Theoretical  models  based  on  a  single  electron  screening  theory 
(5)  can  reproduce  the  stability  conditions  and  take  into  account 
the  screening  length  with  a  continuous  fluid  of  electrons 
interacting  with  finite  sized  ions.  They  do  not  consider  the 
restructuring  of  the  metal  atoms  by  the  halogen  ions,  so  that  the 
dielectric  behaviour  cannot  be  well  represented. 
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In  this  paper  we  want  to  demonstrate  how  the  restructuring  of 
the  metal  atoms  by  negative  ions  can  be  described  as  a  local 
structure  with  short  range  order  and  additional  strong  interactions 
leading  to  medium  range  order.  If  these  structural  effects  exist 
in  the  system,  then  the  dynamics  should  be  strongly  affected.  The 
existence  of  collective  excitations  in  liquids,  as  a  result  of  the 
solid  state  collective  modes,  is  now  well  established  (6)  (7).  In 
charged  liquids,  the  appropriate  dynamical  variables  (linked  to 
mass  and  charge  fluctuations)  must  vary  in  some  wavenumber  ranges 
related  to  the  interactions  existing  in  the  system.  It  is  there¬ 
fore  interesting  to  measure  the  collective  modes  because  they  point 
to  wavenumber  and  energy  domains  where  collisional  processes  can  be 
involved  and  influence  the  transport  properties.  This  could,  in 
our  case,  help  indirectly  to  specify  the  behaviour  of  the  electron. 

After  a  detailed  description  of  the  microscopic  structure  of 
the  metal-molten  salt  solutions  in  the  metal  rich  and  strong 
scattering  regime,  we  shall  present  below  an  analysis  of  the 
effect  of  salt  addition  on  the  low  energy  excitations  connected  to 
the  density  response  function  of  liquid  alkali  metals. 


I.  Structural  modifications  induced  in  hot  alkali  metal  by 
addition  of  salt 

The  structural  information  were  obtained  from  neutron 
scattering  measurements.  Ve  shall  not  describe  here  the  analysis 
of  the  data,  which  will  be  presented  in  a  specialized  paper  (8). 

We  only  point  out  the  extreme  difficulty  in  measuring  low 
scatterers  like  potassium.  Moreover,  at  high  temperature,  the 
weakness  of  the  interference  signal  makes  it  even  more  difficult  to 
separate  it  from  the  diffusion  of  the  sample  environment  (furnace, 
container)  or  from  contributions  due  to  small  amounts  of  impurities 
such  as  hydrogen.  The  measurement  of  the  temperature  dependence  of 
the  structure  factor  of  liquid  potassium  allowed  us,  owing  to  the 
relative  simplicity  of  its  analysis,  to  crosscheck  the  validity  of 
our  data  treatment.  It  also  provides  useful  information  for  the 
discussion  of  the  metal  partial  structure  factor  in  the  metal- 
molten  salt  mixture. 

a)  The  pure  metal  structure 

The  structure  factor  of  liquid  K  is  known,  not  too  far  from 
the  melting  point  (9).  We  have  measured  its  temperature  dependence, 
which  is  related  to  the  density  variation  and  to  the  number 
fluctuations  at  the  Q  *  0  limit  (Q  ■  (4n/\)  sin  8,  where  A  is  the 
neutron  wavelength  and  29  is  the  scattering  angle).  Comparison 
between  experimental  data  and  recent  theoretical  calculation  is 
excellent  (10).  The  calculation  of  the  structure  factor  S(Q)  at  a 
given  density  is  made  with  an  effective  potential  and  a 
self-consistent  integral  equation  (HMSA).  This  gives  better 
results  than  the  OCP  model.  The  data  are  presented  in  figure  1. 


b)  Structure  of  the  solutions  in  the  metallic  conduction  regime 
(12)  (a  >  5.10-3  O'1  cm-1) 

The  determination  of  the  microscopic  structure  allows  us  to 
obtain  the  local  and  the  medium  range  order.  Neutron  scattering, 
using  isotopic  substitution,  is  the  only  technique  able  to  give 
this  type  of  information  on  a  large  momentum  transfer  range  with 
possible  extrapolation  to  the  thermodynamic  limit  (Q-0).  Recent 
improvements  of  the  high  flux  reactor  instruments  (ILL  Grenoble) 
have  been  described  (11).  They  permit  us  to  analyse  the  K^UtLi) 
structure,  i.e.  one  of  the  most  difficult  binary  mixtures  studied 
up  to  now.  Figures  2a  and  2b  give  the  three  total  structure 
factors  obtained  by  varying  the  chlorine  isotopic  composition  at  a 
fixed  salt  concentration.  The  low  statistical  accuracy  obtained 
with  the  3?cl  sample  comes  from  a  corresponding  relatively  low 
counting  time.  These  structure  factors  are  typical  of  Mx(MX)i_x 
mixtures.  The  curves  are  more  or  less  structured  according  to  the 
scattering  length  of  the  chlorine  isotope  as  compared  to  that  of 
the  alkali  metal.  The  large  diffusion  at  low  momentum  transfer  is 
due  to  fluctuations  existing  in  the  vicinity  of  the  phase 
separation  region. 

In  figures  3a  and  3b,  we  give  the  partial  structure  factors 
extracted  from  the  resolution  of  the  linear  system  of  equations 
formed  by  the  above  total  structure  factors.  These  partial 
structure  factors  are  worth  a  few  comments. 

For  the  composition  K<).g(KCl)o.2  ,the  potassium  partial 
structure  factor  is  not  very  different  from  that  of  the  pure  metal 
given  for  comparison,  except  at  low  momentum  transfer.  There  is  a 
correlation  between  the  potassium  and  the  chlorine  partials,  which 
have  similar  peak  positions  but  different  peak  intensities.  The 
C1K  partial  exhibits  the  enhanced  stability  of  the  unlike  atom 
interaction  at  a  momentum  transfer  value  slightly  smaller  than  in 
the  case  of  pure  molten  salt  (k^).  Medium  range  order  effects  are 
apparent  in  all  partials  at  low  momentum  transfer.  This  produces  a 
hump  at  about  1  A- 3  in  the  C1K  partial. 

The  partial  structure  factors  were  also  obtained  for  a  higher 
addition  of  salt  into  the  metal,  Kq_6(KC1)o.4.  The  temperature  was 
kept  equivalent  for  the  two  concentrations  ((TeXp  -  TIB_p)/Tm_p  * 
1.1).  We  see  very  significant  differences  between  the  partials  at 
80X  and  60?  metal  concentration  :  enchancement  of  structure  of  the 
partials  at  large  Q  values,  symmetric  pattern  for  the  like-ion 
partials,  strong  structuring  of  the  KK  partial  at  large  Q, 
accompanied  by  a  significant  decrease  of  the  first  peak  intensity. 
At  Q  values  around  1  a  strong  hump  is  now  obtained  in  the  C1K 
partial  but  we  shall  not  comment  on  it.  The  low  Q  part  of  this 
diagram  is  still  investigated  for  possible  systematic  errors. 

At  large  Q  values,  we  have  not  yet  quantified  with  accuracy  the 
nearest  neighbour  coordination  number  between  unlike  ions, 
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corresponding  to  the  characteristic  vavenunber  k^;  nevertheless  a 
rough  analysis  gives  a  value  of  4.  This  fourfold  coordination 
seems  favourable  in  monovalent  ionic  systems  in  which  Coulombic 
forces  are  involved  (2).  A  model  for  electron  localization  with 
the  assistance  of  neighbouring  K+  ion  relaxation  gives  a  coor¬ 
dination  of  four  (1).  In  compounds  where  a  partial  covalent 
contribution  to  the  binding  exists,  a  low  coordination  is  favoured 
(2X  which  could  in  turn  favo  ir  a  high  cationic  mobility.  Further 
work  is  being  done  in  order  tn  prove  if  small  additions  (<  10X)  of 
molten  salt  into  a  hot  alkali  metal  could  stabilize  the  fourfold 
coordination  at  the  same  time  as  the  metallic  interaction  between  K 
atoms  decreases.  Of  course,  such  a  structural  effect  in  a  metallic 
liquid  must  influence  its  dynamics  ,  in  particular,  the  collective 
particle  motions. 


II.  Preliminaries  on  the  dynamics  of  a  hot  alkali  liquid  perturbed 

by  dissolution  of  salt 

Neutron  scattering  experiments  allow  us  to  measure  the 
coherent  dynamic  structure  factor  Scoh(0,i<>)  related  to  collective 
particle  motions  in  the  system.  The  description  of  collective 
fluctuations  in  a  liquid  is  well  analysed  by  the  linearized 
hydrodynamics  as  long  as  the  wavelength  of  the  fluctuation  is  much 
greater  than  the  atomic  size.  This  is  the  case  for  light 
scattering  experiments  where  we  can  investigate  heat  and  sound 
modes.  For  neutron  scattering  the  wavelength  of  the  radiation 
becomes  of  the  order  of  the  interatomic  distances  and  the  concept 
of  extended  modes  is  introduced  (15).  Neutron  scattering 
experiments  on  molten  Rb  at  temperaturesslightly  above  the  melting 
point,  show  the  existence  of  such  extended  sound  modes  for  Q  values 
up  to  Qa  =  1  (a,  being  the  mean  free  path  between  collisions).  The 
data  are  well  represented  by  three  Lorentzian  lines  corresponding 
to  Rayleigh  and  Brillouin  scattering  or  heat  and  sound  modes, 
respectively.  In  figure  4,  the  sound  mode  of  liquid  rubidium  shows 
a  maximum  at  a  Q  value  corresponding  to  half  of  that  of  the  maximum 
in  the  structure  factor  (16).  In  ionic  liquids,  it  has  been  proven 
useful  to  introduce  the  mass  density  and  charge  density  fluctuation 
variables  (2).  Shm(Q,w)  is,  at  low  Q  and  w,  isomorphous  to  the 
hydrodynamic  structure  factor  of  a  monatomic  liquid. 

We  also  present  in  figure  4  some  experimental  results  on  a 
solution  of  Rbo,9(RbCl)Q, i, which  is,  in  first  approximation,  of 
purely  metallic  character,  and  on  Rbo.s(RbBr)Q. 2  sample. which 
should  have  the  same  structural  properties  as  K0.8  (KC1)o_2. 
details  on  the  experiment  and  its  analysis  are  published  separately 
(17). 


The  dispersion  of  the  mass  density  as  a  function  of  momentum 
transfer  given  in  figure  4  for  the  M-MX  solutions  is  obtained  from 
the  side  peak  positions  in  the  inelastic  scattering  spectra 
measured  on  a  triple  axis  spectrometer.  The  positions  obtained  on 
the  wnergv  lose  and  on  the  energy  gain  side  are  represented 
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separately.  In  the  hydrodynamics  regime,  these  positions  at  ± 
are  related  to  the  adiabatic  sound  velocity.  Therefore  the 
knowledge  of  the  pure  metal  sound  velocity  allows  us  to  draw  the 
hydrodynamic  regime  limit  in  the  case  of  the  strongly  metallic 
concentration. 

No  significant  difference  is  detected  in  the  dispersion  law  of 
Rbo.9(RbCl)o, l  as  compared  to  pure  Rb.  This  confirms  the 
assumption  that  at  this  concentration,  we  remain  in  the  metallic 
regime.  And  the  sound  velocity  should  not  vary  much  from  the  pure 
metal  one.  At  higher  dilution  of  the  metal,  the  results  are  not 
equivalent.  Although  the  weakening  of  the  signal  renders  the  data 
analysis  extremely  difficult,  some  trends  seem  to  be  observed.  A 
gap  seems  to  occur  at  1  A~l.  A  similar  one  is  observed  in  argon 
(7).  This  might  come  from  the  coupling  between  collective 
acoustic  motion  and  the  structure  of  the  liquid  shown  in  the 
partial  structure  factors.  Also  interesting  is  the  extrapolation 
to  the  hydrodynamic  regime.  From  the  shape  of  the  dispersion  law, 
one  wonders  if  the  isothermal  sound  velocity  of  this  mixture  does 
not  become  anomalous. 

Further  studies  should  be  made  on  the  damping  of  the 
collective  modes, which  might  turn  out  to  be  of  general  importance 
for  the  ionic  and  electrolytic  liquids.  Indeed,  in  a  study  of 
collective  excitations  in  electrolytic  glasses  at  very  low  water 
content,  we  detected  (18)  low  frequency  harmonic  modes  (up  to  4 
meV),  in  addition  to  the  sound  modes, and  a  damping  of  these  modes 
occurs  at  the  glass  transition.  The  structured  picture  of  the  M-HX 
solutions  in  the  strong  scattering  regime  and  its  effect  on 
collective  motions  are  beginning  to  be  deciphered. 
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Figure  1 


Structure  factor  of  liquid  potassium  at  several 
temperatures 


150 


0 


is  drawn  for  comparison  on  the  S|oc  partia  . 

The  centra!  line  (k,)  of  the  triple  h»»P  characteristic 
of  the  pure  C1K  pattern  is  marked. 
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ion  of  the  collective  density 
id  rubidium  (ref.  (.16)).  The 
obtained  from  the  sound 
velocity  of  the  pure  metal  (hydrodynamic  regime).  ^ 
Central  curve  -  The  dispersion  of  the  collective  density 
fluctuations-  in  Rb0 . 9(RbCl  )o.  1  ■  Energy  gain  and  energy- 
loss  are  quoted  separately.  The  arrov  at  lov  Q 

values  is  obtained  from  the  sound  velocity  of  th.  pure 
metal . 

Lower  curve  -  The  dispersion  of  the  collective  density 
fluctuations  in  RbQ .  g(  RbBi  )(i .  2  • 


Fimire  4  :  Upper  curve  -  The  dispers 
fluctuations  in  pure  liqu 
low  Q  values  is 
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ABSTRACT 

The  dynamic  ionic  conductivity  of  the  molten  salt 
3  KNO j ■ 2  Ca(N03)2  has  been  measured  in  the  coaxial- 
waveguide  frequency  range  from  100  MHz  to  18  GHz,  at 
temperatures  between  422  K  and  478  K.  The  conducti¬ 
vity  is  found  to  display  the  dispersion  that  is 
characteristic  of  the  so-called  "universal  dielec¬ 
tric  response".  A  similar  dispersion  was  observed 
earlier  within  the  glass-transformation  temperature 
range  around  345  K,  at  frequencies  below  1  MHz.  The 
present  results  are  interpreted  in  terms  of  a  simple 
jump-relaxation  model.  The  model  involves  only  one 
reorientational  relaxation  time.  This  time  and  its 
temperature  dependence  turn  out  to  be  close  to  those 
derived  with  the  help  of  other  techniques. 


INTRODUCTION 

The  glass  forming  molten  salt  3  KN0j-2  Ca(NO,)2  is 
a  simple  ionic  system  with  interesting  dynamic  properties. 
Relaxation-type  processes  have  been  observed  by  different 
techniques  in  this  system  (1-6),  and  the  (average)  relaxa¬ 
tion  time  has  been  found  to  vary  by  more  than  ten  orders 
of  magnitude,  if  the  temperature  is  changed  from  330  K  to 
650  K  (7). 

In  3  KNOj-2  Ca(NOj)2,  the  glass  transformation  range 
extends  roughly  from  330  K  to  360  K  (7).  Within  this  range 
the  system  is  known  to  show  the  characteristic  features  of 
the  so-called  "universal  dielectric  response"  (8),  compri¬ 
sing  in  particular  the  power-law  behavior  of  the  frequen¬ 
cy  dependent  electrical  conductivity,  o'lvl.  The  existing 
data  are  limited  to  frequencies  below  1  MHz  (4).  The  shape 
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of  c'(v)  has  been  described  by  a  distribution  of  relaxation 
times  (7)  and  by  a  "fractional  exponential"  relaxation 
function  (9,7).  These  are  however  merely  formal  representa¬ 
tions  which  do  not  a  priori  convey  any  microscopic  insight 
into  the  actual  relaxation  process. 

The  technique  of  Brillouin  scattering  has  been 
applied  to  analyze  the  structural  relaxation  in  molten 
3  KNOj-2  Ca(N03)2  in  the  high-temperature,  high-frequency 
regime  (5,6).  The  spectra  yield  the  temperature  depen¬ 
dence  of  the  velocity  and  attenuation  of  sound  waves  at 
frequencies  of  about  10  GHz.  The  modulus  representation 
has  been  used  to  discuss  the  data,  see  (7),  and  it  has 
been  argued  that  a  single  relaxation  time  should  suffice 
to  describe  the  relaxation  in  the  melt  (5),  at  least  if 
the  temperature  is  sufficiently  high,  i.e.,  at  T  .■  473  K 
(7).  This  assumption  implies  that  the  dynamic  conducti¬ 
vity  should  be  constant,  showing  no  dispersion  at  fre¬ 
quencies  close  to  the  inverse  of  2n  times  the  relaxation 
time  ( 10  ) . 

In  our  present  study  we  have  measured  the  dynamic 
conductivity  of  molten  3  KNOj-  2  Ca(N03)2  at  radio  and 
microwave  frequencies  in  order  to  test  the  validity  of 
the  above  assumption  and,  more  generally,  to  learn  more 
about  the  short-time  relaxation  processes  in  this  mate¬ 
rial.  In  the  following  we  will  show  that  even  at  478  K 
the  conductivity  is  found  to  display  the  typical  disper¬ 
sion  already  known  from  the  low-temperature ,  low-frequen¬ 
cy  conductivity  spectra  mentioned  above  (4).  Our  present 
results  will  be  interpreted  in  terms  of  a  simple  jump- 
relaxation  model.  The  model  involves  only  one  relaxation 
time.  This  time  and  its  temperature  dependence  turn  out 
to  be  close  to  those  derived  from  the  Brillouin  scat¬ 
tering  data  (6,7)  and  from  the  sheai  viscosity  (7). 


EXPERIMENTAL 

The  sample  was  prepared  from  reagent  grade  chemi¬ 
cals.  Ca(N0,),'4  HjO  was  dehydrated  in  a  vacuum  chamber 
for  four  dcys,  at  temperatures  increasing  up  to  220  CC. 
During  the  dehydration  process,  it  was  intermittently 
ground  and  analyzed  gravimetrical ly .  The  KNO ,  was  dried 
at  180  °C  for  two  days.  The  necessary  amount  of  Cal  NO ,  )  2 
was  then  dissolved  in  the  KNO,  melt. 

Fig.  1  is  a  block  diagram  of  the  experimental  set¬ 
up  used  for  the  high-frequency  measurements.  An  hp  8350  B 
sweep  oscillator  and  an  hp  8757  A  scalar  network  analyzer 


are  both  controlled  by  an  hp  9000  (series  300)  desk¬ 
top  computer.  The  arrangement  of  Fig.  1  permits 
fully  automated  swept  measurements.  The  quantities 
measured  are  the  absolute  values  of  th^  complex  transmis¬ 
sion  and  reflection  factors,  |t|  and  |r|,  of  the  sample 
part  of  the  coaxial  waveguide  system.  An  exploded  view 
of  the  sample  assembly  is  shown  in  Fig.  2,  along  with  a 
schematic  representation  of  the  nine  individual  travel¬ 
ling  waves  in  the  various  media,  i.e.,  in  air,  in  the 
window  material  (teflon),  and  in  the  molten  salt  itself. 
Let  us  denote  the  nine  complex  amplitudes  of  the  respec¬ 
tive  radial  electric  fields  by  E01  to  E0,.  The  measured 
scalar  quantities  may  now  be  written 

|t|  =  |e09/e0, I  (1) 

and 

|r|  -  |E0J/E01|  .  (2) 

A  A  A  A 

The  eight  ratios,  E0j/E01  to  E09/Eot,  are  uniquely 
determined  by  the  dielectric  and  electric  properties  of 
the  materials  involved  and  by  the  requirement  that  the 
(transverse)  electric  and  magnetic  field  components  be 
continuous  at  the  interfaces.  The  continuity  conditions 
give  us  a  set  of  eight  simultaneous  complex  equations^ 
which  are  linear  in  the  eight  ratios,  E02/E0i  to  E0,/E01, 
but  transcendental  in  the  dielectric  and  electric  proper¬ 
ties  of  the  sample.  It  is  therefore  not  easily  possible 
to  compute  the  complex  permittivity,  e(v),  or  the  complex 
conductivity,  o(v)  =i2nve0e(v),  directly  from  |  t:  |  and 
! r | .  The  setAof  equations  i§  however  easily  solved  for 
the  ratios,  E02/E0,  to  E0.-,/E^,,  if  one  assumes  certain 
values  of  the  real  parts  of  c(v)  and  3(v),  which  are 
called  e'J^v)  and  o'(v).  Transformation  networks  (o',e') 

(  |t[  ,  |  r  |  )  may  thus  be  prepared,  and  this  has  been 
done  for  each  frequency  and  each  sample  length.  An 
example  is  shown  in  Fig.  3.  In  the  experiment  both 
permittivity  and  conductivity  of  the  sample  are  automati¬ 
cally  read  from  the  relevant  network  and  immediately 
plotted  as  functions  of  frequency. 


RESULTS 

Fig.  4  is  a  log-log  plot  of  the  conductivity,  o', 
versus  frequency  at  453  K.  The  figure  shows  that  differen 
sample  lengths  yield  consistent  results.  It  also  gives  an 
impression  of  the  scatter  of  the  experimental  dc-t-a.  The 


mean  values  of  the  different  453  K  runs  are  replotted  in 
Fig.  5,  together  with  data  obtained  at  422  K  and  at  478  K. 
It  is  evident  that  the  spectra  of  Fig.  5  are  very  similar 
to  those  of  Ref.  (4).  It  is  also  noticeable  that  a  trend 
already  visible  in  the  low-temperature  results  (4)  is  now 
continued:  with  increasing  temperature  the  increase  of 
a 1 ( v )  is  found  to  begin  at  higher  and  higher  frequency. 


The  relative  permittivity,  e'(v),  is  found  to  de¬ 
crease  continuously  within  the  experimental  frequency 
range.  At  453  K,  for  instance,  it  is  47  +  5  at  100  MHz 
and  10  ±  4  at  18  GHz.  The  mutual  consistency  of  the 
conductivity  and  permittivity  spectra  has  been  checked 
with  the  help  of  the  Kramers-Kronig  relations. 

At  sufficiently  high  frequency,  when  the  relaxation 
cannot  follow  the  changing  electric  field  any  more,  e'(v) 
tends  to  a  limiting  value,  e  '(<*>).  That  value  is  not 
causally  related  to  the  relaxation,  but  independent  of 
it.  It  is  therefore  sensible  not  to  include  e  '  ( <%> )  when 
plotting  functions  that  characterize  the  relaxation.  This 
holds  in  particular  true,  if  the  relaxation  is  represen¬ 
ted  in  the  complex  conductivity  plane.  In  Fig.  6  we  have 
thus  plotted  a"  (  v  )-w€  0€  ’  (  od  )  against  o'(v),  at  453  K, 
assuming  e  '  ( )  to  be  7,  8,  or  9 .  In  each  of  these  cases 
we  observe  the  formation  of  an  almost  circular  arc  in  the 
complex  plane.  The  centers  of  the  arcs  are  displaced 
below  the  real  axis. 

The  measurements  are  being  continued  in  the  rect¬ 
angular-waveguide  frequency  range  above  18.5  GHz  in  order 
to  determine  €'(<»)  as  accurately  as  possible  and  to  search 
for  a  limiting  high-frequency  value  of  the  conductivity, 
o' (<■>)•  It  will  then  be  possible  to  choose  the  proper  arc 
of  Fig.  6  and  to  complete  it  on  its  high-frequency, 
high-conductivity  side,  until  it  meets  the  real  axis 
again  at  a  '  -  o'  (<*>) . 


DISCUSSION 

The  dispersion  observed  in  the  molten  salt  3  KNO ,  • 
2  Ca(N03)2,  see  Figs.  4  to  6,  is  of  the  general  type 
found  also  in  many  other  ionic  and  polaronic  conductors 
including  glassy  and  crystalline  solid  electrolytes. 

The  characteristics  of  the  dispersion  include  the 
power-law  behavior  of  o'(v)  at  sufficiently  low  temper¬ 
ature  and  the  formation  of  almost  circular  arcs  with 
depressed  centers  in  the  complex  planes  of  conducti¬ 
vity,  impedance,  and  permittivity.  The  generality  of 


259 


the  phenomenon  was  first  noticed  by  Jonscher  (8)  who 
termed  it  "the  universal  dielectric  response" . 

Microscopically,  an  understanding  of  the  "universal 
dielectric  response"  requires  the  solution  of  a  complica¬ 
ted  many-particle  problem.  A  very  general  model  was  put 
forward  by  Ngai  (11).  However,  the  model  does  not  give  a 
kinematic  description  of  the  microscopic  dynamics.  The 
same  is  true  of  other  models  that  have  been  proposed  (12). 

More  recently,  a  rather  simple  kinematic  jump-re¬ 
laxation  model  has  been  suggested  by  one  of  us  (K.F),  see 
(13,14).  It  applies  to  any  structurally  disordered  system 
of  mobile  charge  carriers  and  is  able  to  predict  the  main 
features  of  the  "universal  dielectric  response" .  In 
particular,  the  solid  lines  of  Figs.  5  and  6  have  been 
calculated  from  this  model.  In  addition  to  the  lines, 
which  fit  the  data  very  well.  Fig.  5  also  contains  arrows 
marking  particular  frequencies.  These  are  defined  by  v  = 
l/(2nr),  where  r  is  a  reorientational  relaxation  time,  see 
below.  Compared  with  the  relaxation  times  obtained  from 
the  shear  viscosity  and  from  Brillouin  scattering  (7),  the 
present  values  are  shorter  roughly  by  a  factor  of  four, 
but  they  have  the  same  temperature  dependence,  see  Fig.  7. 

The  basic  idea  of  the  jump-relaxation  model  is  sket¬ 
ched  in  Fig.  8.  In  the  figure,  the  momentary  position  of  a 
mobile  charge  carrier  (an  ion)  is  denoted  by  A.  The  ion  may 
hop  to  a  neighboring  position  B,  which  requires  some  acti¬ 
vation  energy  A.  Now  the  model  assumes  that,  if  the  ion 
resides  at  A,  the  neighborhood  is  structurally  relaxed  with 
respect  to  A.  The  ion  therefore  experiences  a  "conditional 
effective"  single-particle  potential  which  is  normally 
higher  at  B  than  at  A,  see  Fig.  8  a .  As  a  consequence,  the 
barrier  height  for  a  backward  hop,  6,  is  smaller  than  A,  at 
least  immediately  after  the  hop  from  A  to  B. 

Suppose  the  ion  hops  from  A  to  B  at  time  t  =  0.  We 
then  have  to  consider  two  competing  relaxation  processes 
at  times  t  >  0: 

(i)  The  ion  hops  back  to  A.  The  correlated  forward-back¬ 
ward  hopping  sequence  thus  performed  contributes  to 
the  dynamic  conductivity  only  at  sufficiently  high 
frequencies,  but  not  at  low  frequencies. 

(ii)  The  neighborhood  rel'  s  with  respect  to  B.  The  re¬ 
orientation  of  the  neighborhood  is  characterized  by 
some  reorientational  relaxation  time,  r,  and  results 
j.n  the  formation  of  a  new  absolute  minimum  of  the 
conditional  effective  potential  at  B.  In  this  case 


the  initial  hop  has  eventually  proved  successful 

and  thus  contributes  to  the  dc  conductivity. 

It  is  important  to  note  that  the  backward  barrier 
height,  see  Fig.  8  b,  increases  as  the  ion  stays 

at  B.  Therefore,  the  relaxation  time  of  the  back-hop 
process  increases.  The  relaxation  is  thus  slowed  down 
as  time  goes  by.  The  resulting  spectra  hence  look  as 
if  there  were  a  "distribution  of  relaxation  times". 

The  model  considers  the  probability,  W(t),  that  the 
correlated  backward  hop  has  not  yet  been  performed  at  time 
t.  A  rate  equation  and  simple  geometrical  arguments  lead 
to  a  closed  algebraic  expression  for  W(t),  which  makes  use 
of  the  exponential-integral  function  (14).  A  useful 
approximation  is 

W(t)  x  exp{-2A( l-exp( -t/r ) ) • ( A-6 )/kT)  ,  (3) 

where  A  is  some  constant  of  the  order  of  one  and  r  is 
again  the  reorientational  relaxation  time  of  the  neighbor¬ 
hood.  The  approximation  of  Eq.  (3)  is  valid,  if  (4-6)/kT<  1. 
Neglecting  the  finite  duration  of  hops,  the  velocity 
autocorrelation  function  of  the  hopping  motion  may  now  be 
written 

<v( 0 )  v( t ) >hops  =  const ••{ 6( t )+W( t ) }  ,  (4) 

where  6(t)  is  the  delta  function.  The  (frequency  dependent) 
coefficient  of  sel f-di f fusion  is  obtained  from  Eq.  (4)  by 
Fourier  transformation,  and  the  conductivity  is  formed  with 
the  help  of  the  Nernst-Einstein  equation.  Cross  terms  are 
neglected.  The  procedure  yields  the  expression 

S(u)  =  (1+  JvHt  )exp(  -iut  )dt )  •  C/(  T  ■  T)  .  (5) 

o 

The  solid  lines  of  Figs.  5  and  6  have  been  obtained 
with  the  particular  parameter  values  A  =  1,  (A-6)/k=600  K, 

and  C  =  8  ■  10  1(^(  Ks  )  /  (  0cm ) .  Instead  of  Eq.(3)  we  have 
however  used  the  respective  expression  given  in  Ref.  (14). 
The  optimum  values  of  the  relaxation  time  t  are  those 
plotted  in  Fig.  7.  Note  the  changing  slope  of  log  r  versus 
l/'T.  From  our  present  data,  this  variation  is  found  to  be 
quite  similar  as  in  Ref. (7),  see  Fig.  7.  The  temperature 
dependence  of  the  relaxation  time  shows  that  a  is  much 
larger  than  kT  (A  =  9.5  kT  at  493  K,  see  (7)).  The  differ¬ 
ence,  (A-6)  x  k-600  K,  is  thus  found  to  be  considerably 
smaller  than  the  barrier  heights,  A  and  6,  themselves. 
Nevertheless  it  is  this  difference  that  causes  the  entire 
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dispersion  observed  in  the  present  study. 


CONCLUSION 

The  dynamic  conductivity  of  the  simple  molten  salt 
3  KN03-2  Ca(N03)2  has  been  determined  in  the  radio  and 
microwave  frequency  range  up  to  18  GHz.  A  pronounced 
dispersion  has  been  detected.  The  shape  of  the  frequency 
dependent  conductivity  is  similar  to  that  of  the  low- 
temperature,  low-frequency  spectra  (4)  Th»  present  data 
have  been  shown  to  be  consistent  with  a  simple  -jump-re¬ 
laxation  model  (13,14).  Application  of  the  model  yields  a 
reorientational  relaxation  time  whose  temperature  depen¬ 
dence  is  in  agreement  with  results  obtained  earlier  from 
other  techniques  (7). 
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Fig.  1.  Block  diagram  of  experimental  set-up. 
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Fig.  2.  Exploded  view  of  sample  assembly  and  travelling 
waves  in  different  media.  ID:  teflon  disks;  B:  inlet 
borings  for  melt. 
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Fig.  3.  A  transformation  netv;ork  at  1.5  GHz  (2  mm  teflon 
disks,  10  mm  sample);  o'  is  in  1'iOcm). 
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Fig.  7.  Arrhenius  plot  of  the  reorientational  relaxation 

time  obtained  from  the  present  study,  the  lonyituainal 

relaxation  time  from  Brillouin  scattering  (7,9),  rL  ,  and 

the  average  shear  relaxation  time  (7),  < rs > .  The  nitrate 

ion  reorientation  time,  r  ,  is  from  Raman  data  (15). 
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Fig.  8.  Conditional  effective  potential  and  its  development 
with  time,  see  text. 
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ABSTRACT 

The  specific  electrical  conductivity  of  the  NbCl^-NaCl -KC1 
(NaCl :KC1=1 : 1 )  pseudo  binary  system  was  measured  because  of  interest 
in  the  molten  salt  electrolysis  of  niobium  from  its  chloride  melts. 

The  phase  diagrams  of  these  systems  have  been  determined  by 
differential  thermal  analysis.  The  results  show  a  trend  similar  to 
that  of  the  NbCl^-NaCl  and  NbCl^-KCl  systems. 

The  electrical  conductivity  of  melts  increases  with  the  increase 
in  temperature.  Two  liquid  phases  were  observed  in  the  region  rich 
in  NbCl^.  Conductivities  jf  pure  NaCl^  and  TaClr^  were  determined 
between  the  melting  point  and  the  boiling  point  using  a  pvrex  glass 
cell  with  a  small  cell  constant. 

In  the  same  manner,  the  conductivity  of  the  TaCl 5-NaC  1 -KC1  pseudo 
binary  system  was  also  considered  with  the  goal  of  obtaining  high 
purity  tantalum  by  molten  salt  electrolysis. 

INTRODUCTION 

Niobium  has  recently  become  of  major  interest  in  high  technology 
applications  such  as  nuclear  reactors  and  as  a  superconductor 
catalyst.  Pure  tantalum  metal  is  also  important  as  a  capacitor. 

Pyrochlore  is  the  most  important  source  of  niobium  because  of  its 
great  abundance  and  low  tantalum  content  (1-4).  A  recent  trend  of 
ore  producing  countries  such  as  Brazil  is  that  of  exporting 
ferroniobium  instead  of  the  ore.  Imported  ferroniobium  accounts  for 
more  than  60%  of  all  niobium  supplied  to  Japan. 

As  ferroniobium  becomes  a  main  source  of  the  world's  niobium 
supply,  investigation  of  niobium  production  directly  from 
ferroniobium  is  needed  urgently.  We  have  studied  the  chloride 
process  and  molten  salt  technology  which  are  the  most  applicable  ,0 
purification  and  synthesis  of  new  materials  (5,6).  These  studies 
present  possible  separation  processes  of  niobium  from  ferroniobiun 
which  yield  pure  niobium  chloride.  It  is  feasible  to  consider 
producing  niobium  metal  from  niobium  chloride  by  electrolysis  in 
molten  chloride  salts. 

In  this  paper,  the  specific  electrical  conductivitv  and  the  phase 
diagram  of  the  NbCl^-NaCl-KCl  pseudo  binary  system  were  investigated. 
Another  pseudo  binary  system  of  TaCl^-NaCl - KC l  was  also  considered 
for  the  production  of  high  purity  tantalum  metal  using  chloride 
electrolys is . 


t  b  1 


EXPERIMENTAL 


Chloride  preparation 

Anhydrous  NbCl^  was  prepared  by  reacting  99.7%  niobii  71  metal 
powder  with  a  small  amount  of  carbon  and  dry  CI2  gas  in  a 
chlorination  apparatus  at  300°C.  Anhydrous  TaCl^  was  prepared  in  the 
same  manner  using  99.5%  tantalum  metal.  The  mixture  of  NaCl  and  KC1 
was  dehydrated  by  passing  dry  HC1  gas  into  the  NaCl-KCl( 1 : 1 )  melt  at 
750°C.  These  dehydrated  chlorides  were  transfered  to  conductivity 
cells  or  DTA  cells  in  an  argon  filled  dry  box. 


Conductivity  Measurement 

The  conductivity  cells  (a)  were  made  of  pyrex  glass  or  quartz 
with  a  1  mm  diameter  tungsten  rod  welded  to  tungsten  foil  as  shown  in 
Fig.  1.  The  cell  resistance  (0.2-0.3S-^)  is  negligible  compared  to 


the  salt  bath  resistance  of  100-200S"1  (cell  constant=100-200cm_1 ) 
Another  type  of  pyrex  glass  cell  (b)  with  a  small  cell  constant 
(~2.0cm ~^)  was  used  for  pure  NbCl5  and  TaCl^  because  of  their  small 
specific  electrical  conductivities  (10“^  S/cm).  Electrical 
conductivity  was  measured  by  the  AC  bridge  method  at  1-10  kHz  as 
shown  in  Fig.  2. 


Differential  Thermal  Analysis  (DTA) 

DTA  was  used  to  determine  the  phase  diagrams.  The  cells  were 
made  of  pyrex  glass  or  quartz  with  a  thermocouple  well  at  the  bottom 
(Fig. 3).  The  cell  was  sealed  under  vacuum.  The  heating  rate  was 
10°C/min. 

NbCl^-NaCl-KCl( 1 : 1 )  Pseudo  Binary  Phase  Diagram 

The  phase  diagram  of  this  pseudo  binary  system  is  presented  in 
Fig. A.  The  melting  points  of  each  component  (204°C  for  NbClj,  6A7°C 
for  NaCl-KCl  (1:1))  agree  with  previously  reported  values  (204  and 
6A5°C)  (7,8).  Other  studies  report  1:1  compounds  such  as  NaNbClg 
(tetragonal)  and  KNbClg  (cubic)  in  the  NbCl^-NaCl  and  NbC'^-KCl 
binary  systems  (9-11).  In  the  NbCl^  rich  region  a,  8,  y,  and  a-y 
interphases  were  observed  as  in  the  NbCl^-KCl  system.  In  the  NaCl- 
KC1  rich  region  three  transformations  weie  observed  as  in  the  NbClj- 
KC1  system.  Unfortunately  there  is  no  structural  reference  to  the 
above  transformations.  Two  liquid  phases  are  also  observed  in  the 
NbCltj  rich  region. 

Specific  Electrical  Conductivity  of  NbCl<;  and  TaCli 

The  specific  electrical  conductivities  of  NbCl5  at  elevated 
temperatures  are  shown  in  Fig.  5.  The  specific  electrical 
conductivity  of  pure  NbClj  from  20A°C  (ro.p.)  to  253°C  (b.p.)  is 
1 . 0xl0~^S/cm,  a  very  low  value,  which  is  characteristic  of  molecular 
melts.  The  conductivity  of  NbClj  increases  slightly  with  increasing 
temperature.  The  value  of  9 . 4x1 0' ^S/cm  (218°C)  shows  good  agreement 
with  that  of  Blitz  ( 2 . 2xlO~^S/cm  at  220°C)(11).  Often  the  very  small 
conductivity  of  NbCltj  melt  is  augmented  by  the  presence  of  highly 
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conductive  impurities  such  as  HC1.  However,  since  the  measured 
specific  conductivities  are  in  agreement,  and  the  NbCl^  was  prepared 
in  different  ways,  it  is  likely  that  the  measured  conductivity  arises 
only  from  the  dissociation  of  NbCl5  itself. 


Fig, 6  shows  the  temperature  dependence  of  the  conductivity  for 
the  NbCl^-NaCl-KCl  system.  When  a  small  amount  (10mol%)  of  NaCl-KCl 
is  added  to  pure  NbClj,  the  conductivity  rises  to  a  very  large  value. 
It  also  increases  rapidly  with  increasing  temperature.  This  suggests 
that  the  conductivity  mechanism  changes  from  molecular  NbCIs  to  an 
ionic  species.  From  80  to  60  mole%  composition  of  NbCl^, 
conductivity  changes  only  slightly.  In  this  composition  range  there 
are  two  liquid  phases  (Fig. 4).  The  upper  layer  is  pale  brown  ,  the 
lower  is  black.  Tne  conductivity  of  the  latter  liquid  was  measured 
because  the  electrode  made  contact  only  with  the  heavier  black 
liquid.  This  phase  corresponds  to  the  (Na.K)NbClg  eutectic  melt.  in 
the  NaCl-KCl  rich  region,  conductivity  increases  with  the  increasing 
concentration  of  ionic  species. 

The  specific  electrical  conductivity  isotherms  for  this  system 
are  shown  in  Fig.  7.  There  are  three  regions  to  the  composition 
dependence  of  conductivity:  I,  a  rapid  increase  region  with  low 
conductivity;  II,  a  flat  region;  III,  a  gradually  increasing  region 
with  high  conductivity.  Region  I  represents  the  transition  from 
molecular  to  ionic  conductivity.  Region  II  corresponds  to  the  two 
liquid  phase  of  this  system.  Region  III  is  influenced  primarily  by 
the  contribution  of  the  increasing  concentration  of  the  NaCl-KCl 
electrolyte . 

The  relation  between  log  K  and  1/T  for  NbCls-NaCl-KCi  pseudo 
binary  system  is  linear  for  almost  all  compositions  (Fig. 8). 

However,  in  the  area  of  90  mol%  NbCl^  two  slopes  appear  which 
correspond  to  the  changes  of  the  melt  structure.  The  activation 
energy  of  3  keal/mol  is  close  to  that  of  alkali  halide  melts. 

The  phase  diagram  and  conductivity  for  the  TaC^-NaCl-KCl  pseudo 
binary  system  will  be  presented  in  detail.  Viscosities  and  densities 
of  the  above  systems  will  be  also  reported. 
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ABSTRACT 

The  internal  cation  mobilities  of  the  molten  bi¬ 
nary  system  (Na,NH4)NO-j  have  been  determined 
from  the  data  on  mobility  ratios  and  electric 
conductivities;  the  former  and  the  latter  have 
been  measured  with  the  Klemm  method  and  the 

direct  current  method,  respectively.  In  all  ac¬ 
cessible  conditions,  the  mobility  of  NH4+  ions 
is  greater  than  that  of  Na+  ions,  that  is,  the 
Chemla  effect  occurs.  Based  on  this  information, 
the  countercurrent  electromigration  method  pre¬ 
viously  presented  for  enriching  °Li  has  been 
improved;  in  the  previous  study  °Li  was  enriched 
in  the  region  of  molten  LiNOj  adjoining  molten 
NH^NOj  placed  toward  the  cathode.  In  the  pre¬ 
sent  study  a  small  zone  of  NaNOj  attempted  to 

form  between  these  two  melts  in  a  separation 

tube.  By  this  method,  the  outflow  of  Li+  ions 
into  the  cathode  compartment  by  electromigration, 
which  is  seriously  unfavorable  to  enrichment  of 
°Li,  can  be  prevented.  °Li  has  been  enriched 
from  7.4%  to  73.0%  in  25  days  without  any  trou¬ 
ble  from  material  corrosion. 


INTRODUCTION 

In  a  previous  study  (1),  we  succeeded  in  enriching  ®Li 
by  countercurrent  electromigration;  molten  LiNO^  and 
NH^NOj  were  arranged  in  a  separation  tube  and  a  cathode 
compartment,  and  heated  at  about  300 °C  and  180°C,  respec¬ 
tively.  A  part  of  the  separation  tube  was  packed  with 
alumina  powder,  and  the  boundary  region  between  the  two 
salts,  where  &Li  was  to  be  enriched,  was  formed  near  the 
end  part  of  the  separation  tube  adjoining  the  cathode 


compartment . 

The  position  of  the  boundary  is  settled  by  the  balance 
of  electromigration  flow  and  countercurrent  flow.  When 
the  electromigration  flow  overcomes  the  countercurrent 
flow,  Li +  ions  flow  into  the  cathode  compartment  and  en¬ 
richment  of  °Li  will  not  take  place.  However,  maximum 
electromigration  flow  is  desirable  for  higher  enrichment 
of  6Li  within  the  limit  that  this  flow  is  balanced  with 
the  counter  flow. 

In  order  to  avoid  an  immediate  outflow  of  Li+  ions 
into  the  cathode  compartment  by  an  uncontrollable  over¬ 
current  flow,  in  the  present  study  we  have  devised  a  way 
of  forming  a  small  zone  of  another  salt  between  the  two 
salts.  The  cation  mobility  of  this  third  salt  should  be 
intermediate  between  those  of  Li+  and  NH4  +  ions.  One  of 
the  potential  salts  as  the  third  salt  is  molten  NaNO^.  It 
had  been  known  that  bL^  <  bNa  at  the  whole  concentration 
region  in  the  system  (Li,Na)NOj  (2)  and  that  bL;  <  bNH4  at 
all  '"-'cessible  conditions  of  concentration  and  temperature 
in  the  system  (Li,NH4)N03  (3),  where  bx  is  the  internal 
mobility  of  cation  x.  Thus,  we  have  measured  the  internal 
cation  mobilities  in  the  molten  binary  system  (Na,NH4)NC>3. 
After  confirming  that  bNa  <  bNH4  in  this  mixture,  we  have 
tried  to  enrich  °Li  by  using  NaNO^  as  the  third  salt. 


EXPERIMENTAL 

Internal  mobility  in  (Na.NH^INOj  melt 

The  relative  difference  in  the  internal  cation  mobili¬ 
ties  in  the  molten  binary  system  (Na,NH4)N03  was  measured 
with  the  Klemm  method.  The  electromigration  cell  and  the 
procedure  were  similar  to  those  previously  used  for  the 
study  of  (Li,NH4)NC>3  melts  (3).  The  chemicals  of  reagent 
grade  were  used.  As  the  salt  in  the  large  cathode  com¬ 
partment,  a  mixture  of  (Na,NH4)NC>3  of  the  eutectic  composi¬ 
tion  (xNa=0.20)  was  employed.  In  the  present  study,  an 
ion  chromatographic  analyzer  (IC500S)  made  by  Yokogawa 
Electric  Corporation  was  used  for  quantitative  analysis  of 
Na+  and  NH4  +  ions  whereas  in  the  previous  study  (3)  the 
flame  spectrophotometry  and  the  Kjeldahl  method  were 
employed  for  the  determination  of  Li+  and  NH4  +  ions, 
respectively . 

The  electric  conductivity  was  measured  with  a  direct 
current  method  by  use  of  a  cell  of  the  type  proposed  by 
Duke  and  Bissell  (4).  The  cell  was  made  of  transparent 
silica.  The  cell  constant  was  measured  to  be  14.40cm"1 
with  a  standard  KC1  aqueous  solution.  The  NaNO-j  and 
NH^NOj  were  vacuum-dried  at  120°C  and  60 °C,  respectively, 
overnight  before  use.  These  measurements  were  performed 
in  the  temperature  range  of  160  to  180°C  at  xNg  <  0.3  in 
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the  light  of  the  phase  diagram  of  this  system  ( 5 )  and  the 
thermal  decomposition  of  NH^NO^  (6). 

Enrichment  of  ^Li 

An  electromigration  cell  of  a  horizontal  type  was  used 
(Fig.  1  ).  This  was  similar  to  those  used  in  the  previous 
study  (1).  The  part  containing  the  anode  compartment  and 
the  separation  tube  was  somewhat  different  from  the  pre¬ 
vious  one;  the  separation  tube  was  inserted  and  connected 
to  the  anode  compartment  tightly  from  the  side  wall  and 
the  end  of  the  tube  was  turned  upward  as  shown  in  Fig.  1 , 
so  that  the  cementation  of  the  quartz  wool  by  setting  it 
from  the  outside  became  much  easier  than  in  the  previous 
experiments.  This  quartz  wool  played  a  role  in  keeping 
powder  dense  during  electromigration,  which  is  essen¬ 
tially  important  for  stable  electromigration  for  a  long 
period.  The  separation  tube  was  packed  as  densely  as  pos¬ 
sible  with  alumina  powder  of  ca.  50  um.  The  cell  was 
wound  with  the  nichrome  tape. 

Lithium  nitrate  of  reagent  qrade  was  vacuum-dried 
overnight  at  120°C  before  use.  It  was  put  into  the  heated 
separation  tube  through  the  large  anode  compartment. 
After  it  melted  and  spread  over  the  diaphragm,  a  small 
amount  of  molten  NH^NOj  and  ca.  0.4  g  of  NaNO-j  were  poured 
into  the  cathode  compartment.  Then  the  electromigration 
was  started  with  increasing  electric  current  gradually  to 
ca .  350  mA.  During  the  initial  period  of  electromigration 
for  ca.  8  hrs.,  more  NH.N0-,  melt  was  added  to  the  planned 
level.  1 

About  30  g  of  NH4NO3  melt  was  supplied  per  day  to  com¬ 
pensate  the  expended  NH  ^  NO  ■,  due  to  the  thermal-  and 
electro-decomposition.  A  small  portion  of  NH4NO3  melt  in 
the  cathode  compartment  wjs  sampled  for  chemical  analysis 
of  Li+  and  Na+  ions  with  flame  spectrophotometry  at  inter¬ 
vals  of  a  few  days.  For  the  initial  few  days  350  mA  was 
supplied  and  the  Li+  and  Na+  contents  in  the  cathode  com¬ 
partment  increased  considerably.  Thus,  it  was  lowered  to 

mA  after  5  days  from  the  beginning,  and  after  that  it 
was  not  necessary  to  adjust  the  current.  Main  experimen¬ 
tal  conditions  are  given  in  Table  1. 

After  25  days,  the  ei^ctromigrat ion  was  terminated, 
all  the  NH4NO3  melt  in  the  cathode  compartment  and  the 
LiNO^  melt  in  the  anode  compartment  were  taken  out  by 
tilting  the  cell,  and  then  the  cell  was  allowed  to  cool. 
After  rewinding  the  nichrome  tape,  the  separation  tube  was 
cut  into  pieces  for  chemical  analysis  and  the  isotope 
ratio  measurement.  The  isotope  ratio  was  measured  with  a 
Varian  MAT  CH5  mass  spectrometer. 
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RESULTS  AND  DISCUSSION 


Internal  mobility  in  (Na.NH^JNC^  melt 

The  rela'ive  difference, c,  in  the  internal  mobilities 
of  the  two  cations  is  defined  as 

£  '  *  bNa  “  bNH4  )  /  b  »  (  1  > 

where  b  =  x^abNa  +  xNH4bNH4*  Tbe  E  values  are  calculated 
from  the  amount  of  the  cations  in  the  separation  tube  and 
the  transported  charge  by  use  of  an  equation  presented  in 
Ref.  7  .  The  interna1  mobilities  of  these  ions  are  calcu¬ 
lated  from 


bNa  " 

(  K  ”  /  F 

•  <  1  +  XNH4£  * 

(2a) 

and 

bNH4  = 

(  <  V  /  F 

* {  1  ‘  xNa  e  ’  ' 

(  2b) 

where  <  and  V  are  the  conductivity  and  the  molar  volume  of 
the  noxture,  respectively,  and  F  the  Faraday  constant. 
The  values  of  V  for  the  mixture  are  evaluated  from  t'.e  two 
neat  salts  on  the  assumption  of  the  additivity  of  the 
molar  volume,  which  holds  well  for  manv  mixture  melts. 
For  this  evaluation  the  data  on  the  molar  volume  of  neat 
NH4NO3  melt  are  taken  from  Ref.  8  and  those  of  neat 
NaNOj  melt  are  extrapolated  with  respect  to  temperature 
from  those  of  the  melt  (9).  The  electric  conductivities 
measured  for  mixtures  of  some  concentrations  are  given  in 
Table  2.  Since  NH4NO3  is  slightly  decomposable  even  at 
the  melting  point  and  one  of  the  decomposition  products  is 
water  (10),  the  bubble  and  the  water  are  supposed  to  have 
affected  the  conductivity  measurement  to  some  extent. 
Therefore,  the  obtained  data  would  not  be  so  accurate  as 
those  so  far  presented  for  such  salts  as  alkali  nitrate 
melts. 

The  isotherms  of  bNa  and  bNH,  are  shown  in  Fig.  2.  As 
seen  from  Fig.  2,  the  mobility  of  the  larger  cation,  NH4+, 
is  greater  than  that  of  the  smaller  one,  Na  +  ,  under  all 
the  accessible  conditions;  the  Chemla  effect  occurs.  Thus, 
as  far  as  the  mobilities  are  concerned,  molten  NaNO^  can 
be  used  as  the  salt  located  between  L1NO3  and  N!14N03  in 
the  separation  tube.  The  reason  why  the  Chemla  effect  oc¬ 
curs  in  this  system  is  quite  similar  to  that  in  the 
( Li , NH^ ) NO3  system  which  was  previously  discussed  (3). 

Enrichment  of  ®Li 

The  distribution  of  the  Li  isotopes  and  the  quantity 
of  Li  +  ,  Na+  and  NH,]+  ions  in  the  separat  ion  tube  after 
electromigration  are  shown  in  Fig.  3.  Althouqh  NH^N'CK 
penetrated  rather  deeply  into  the  separation  tube,  Na* 
ions  were  located  around  the  boundary  region  between  I.i+ 
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and  NH4+  ions.  This  shows  that  also  in  the  ternary 
mixture 

bLi  <  bNa  <  bNH4  ■ 

Since  the  electric  current  was  quite  high  at  the  early 
period  of  e  lectroir  iqra  t  ion ,  Na*  ions  once  entering  the 
separation  tube  would  flow  out  of  the  tube.  And  the 
amount  of  Na+  ions  in  the  catholyte  would  increase.  Thus, 
at  this  stage  the  Na*  ions  are  supposed  to  have  played  a 
role  in  preventing  Li*  ions  from  f Lowing  out  in  large 
quantities  into  the  cathode  compartment.  Another  possible 
merit  of  using  NaNCK  is  that  the  frontal  part  of  LiNO^, 
where  enrichment  of  ftLi  is  to  be  taken  place,  can  be  kept 
at  higher  temperature.  The  isotope  effect  of  Li*  io"s  is 
greater  as  temperature  increases  (11).  When  LiNOj  is  —  n- 
tiguous  to  V4NO3 ,  the  temperature  of  the  adjoining  part 
cannot  be  raised  so  hinh  as,  o.g.,  300  C,  because  of  the 
vigorous  thermal  decomposition  of  Mi  4 NO 3  (6).  Tnis  merit 

will  be  quantitatively  evaluated  by  numerical  simulation 
of  the  distribution  of  the  chemical  species  and  the  Li 
isotopes  in  the  separation  tube. 

In  the  present  run,  b  L 1  has  been  most  enriched  in 
fraction  No. 5,  whe.e  the  ratio  7Li/bLi  is  0.3701  (73.0 

6I,i). 

A  distinct  enrichment  of  Li  is  observed  in  fraction 
No. 17,  where  the  cross  sectional  area  changes  drastically. 
This  kind  of  anomalous  distribution  of  the  isotopes  was 
observed  also  in  the  previous  study  (1).  Klemm  and  Lund^r. 
have  argued  that  this  kind  of  anomaly  is  caused  by  the 
temperature  gradient  and  the  higher  isotope  effect  of  Li* 
ions  at  hiqher  temperature  (11).  As  two  tubes  with  con¬ 
siderably  different  cross  sections  were  connected,  the 
temperature  at  the  part  of  a  smaller  cross  section  should 
have  been  higher  than  that  at  the  part  of  a  larger  one . 
The  anomaly  is  not  favorable  to  enrichment  of  °Li; 
however,  this  is  not  a  serious  problem.  Tn  the  present 
run,  bLi  can  be  enriched  without  any  trouble  on  material 
cor ros i on . 

The  temperature  of  the  catholyte  was  kept  at  1  70  C 
which  was  about  10  C  lower  than  in  the  previous  run  (1). 
This  could  decrease  the  amount  of  the  decomposition  of 
NH4NO3 ;  in  the  present  run  about  30g  of  Nti^N’C^  was  con¬ 
sumed  per  day  whereas  in  a  similar  previous  run  (1)  about 
40q  was.  Although  the  melting  point  of  neat  N  H  *  N  O  3  is 
169. 6  "C  (5),  it  could  be  kept  in  a  molten  state  at  170  C 
probably  because  of  the  presence  of  water  as  its  decom¬ 
position  product. 

Addition  of  (NH^^SO^  into  NH4NO3  in  the  cathode  com¬ 
partment  is  now  planned  since  it  depress  the  decomposi¬ 
tion  of  NH^NOj  to  some  extent  (12). 
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As  the  separation  tube  was  directly  heated  with  the 
nichrome  tape  in  the  present  run,  it  was  difficult  to  keep 
the  temperature  constant  and  to  measure  it  accurately. 
This  disadvantage  may  be  solved  by  using  a  double-walled 
separation  tube  where  also  in  the  outer  part  LiNO-j  melt 
is  added  to  keep  the  temperature  in  the  inside  part 
constant . 

A  convenient  means  for  detecting  the  boundary  is  now 
sought;  if  this  is  found,  it  will  become  easier  to  manu¬ 
ally  set  the  electric  current  to  its  highest  possible 
level,  which  is  essentially  favorable  for  high  enrichment 
of  bLi . 
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7Li/6Li 


Fig.  3.  Distribution  of  the  Li  isotopes  and  the  ions 
Li+,  Na  +  and  NH.+  after  the  electrolysis. 

The  amount  of  Li+  and  per  cm  of  tube  length  are 
drawn  upward  and  downward,  respectively.  The  shadowed 
part  shows  the  amount  of  Na  +  .  The  abscissa  is  the  dis¬ 
tance  from  the  cathode  end  of  the  separation  tube. 
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Table  1.  Elect romigrat Ion  conditions. 


Electric  current 

(mA) 

320 

Current  density 

( A/cm^ ) 

4 . 3  mm  i nt .  d iam . 

3.7 

12.0  mm  int .  diam. 

0.37 

Voltage 

(V) 

90-95 

Duration 

(d) 

25  4 

Transported  charge 

<C) 

676x1  0-* 

Hydraulic  head 

(cm) 

28-33 

Cell  material 

Quartz 

Packing  material 

Alumina 

Grain  size 

(  um ) 

ca .  50 

Temperature 

(  °C) 

LiNOo 

ca .300 

nh4no3 

ca  .  1 70 

Amount  of  salt 

<g> 

LiNO, 

ca .  1 60 

nh4no3 

ca.1 90 

Separation  column 

Length 

( mm ) 

135+113 

Int.  diam. 

( mm ) 

(4.3)  (12) 

Isotope  ratio,  Li/6Li 

Or igina 1 

12.56 

In, most  enriched  fraction 

0.3701 

( %°Li ) 

(73.0) 

Overall  separation  factor 

between  the  most  enriched 

fraction  and  the  feed 

33.9 

Table  2 . 

< 

Experimental 
in  the  system 
=  aT  +  b  ( 

data  on  specific  conductivities 
(Na ,NH4 )N03. 

Kins  cm1  ;TinK) 

xNa 

a 

b 

temp,  range  (K) 

0.000 

3.70x10-3 

-1.28 

443  -  453 

0.103 

3 . 44x1 0~3 

-1.18 

433  -  453 

0.217 

3 . 53x1 0" 3 

-1  .24 

433  -  453 

0.303 

3.45x1 0*3 

-1  .22 

433  -  453 
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Yokohama  227,  Japan 

ABSTRACT 

Internal  mobility  ratios  of  two  cations  in  the  molten 
binary  system  (Na,  K)OH  have  been  measured  with  the 
Klemm  method.  From  these  and  available  data  on  the 
densities  and  conductivities,  the  internal  mobilities  of 
Na+  and  K+  ions  (bjja  and  b^,  respectively)  have  been 
calculated.  The  Chemla  effect  occurs  except  at  high 
concentration  of  Na+  ions.  b|ga  and  bj(  decrease  with 
decreasing  concentrations  of  NaOH  and  KOH,  respectively; 
b^a  is  well  expressed, except  at  a  region  of  small  molar 
volume,  by 


t>Na  =  [A/(V-V0)]exp(-E/RT), 

where  A,  Vq  and  E  are  constant  independent  of 
temperature  T  and  molar  volume  of  the  mixture  V. 
Negative  deviation  of  bj^  from  this  equation  at  low  xNa 
region  is  attributed  to  the  free  space  effect  traceable 
to  the  small  free  space.  The  decrease  of  b^  with  an 
increase  of  NaOH  concentration  may  be  interpreted 
qualitatively  by  assuming  that  the  OH'  ions  become  less 
mobile  owing  to  the  strong  interaction  with  the  Na+ 
ions . 


INTRODUCTION 

Molten  alkali  hydroxides  are  ionic  liquids  and  therefore  good 
ionic  conductors.  However,  fundamental  properties  of  the  melts 
such  as  the  structure  and  the  mechanism  of  the  ionic  conduction 
have  not  been  much  as  investigated  as  other  typical  ionic  melts 
probably  because  of  the  technical  difficulties  due  to  the  high 
chemical  aggressiveness  of  these  melts. 

The  order  of  the  molar  conductivities,  and  therefore  of  the 
internal  cation  mobilities  b,  of  the  following  alkali  hydroxides 
is  opposed  to  that  of  other  usual  melts: 
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b(LiOII)  <  b(NaOH)  <  b(KOH). 

Thus,  it  is  interesting  to  elucidate  the  mechanism  of 
the  ionic  conduction  of  the  molten  alkali  hydroxides.  For 
this  purpose,  it  is  more  informative  tc  measure  mobilities 
in  binary  mixtures  than  in  neat  melts.  The  binary  system 
(Na,K)OH  has  been  chosen  for  the  present  study,  since  data 
on  the  densities  and  the  conductivities  (1)(2)  are 
available.  For  the  measurement  of  ratios  of  the  internal 
mobilities  of  the  two  cations,  the  Klemm  method, i.e.,  a 
countercurrent  electromigration  method  was  employed.  This 
method  is  one  of  the  most  reliable  and  is  insensitive  to 
a  small  amount  of  impurities  such  as  water  and  carbonate 
ions.  This  u!v  intake  is  particularly  important  for  the  present 
case  . 


EXPERIMENTAL 

The  e  lect rom i qra t i on  cell  shown  in  Fig.  1  was  similar 
to  the  one  used  for  molten  carbonates  (3).  The  furnace 
was  a  transparent  one  made  by  Trans.  Temp.  Co.,  U.  S.  A. 

A  mixture  LiOH-NaOH-KOH  of  the  eutectic  composition 
(9. 5-49-41. 5  mol  %)  (4)  was  used  as  the  cathoiyte  in  the 
large  vessel,  which  a  l  so  placed  the  role  of  a  heat  bath  for 
the  separation  tube.  These  chemicals  were  made  by  Kanto 
Chemical  Co.  Japan  (LiOH  l^O:  min.  95  %  containing  max. 
0.5  '*  L  i  2C02 ,  NaOH:  min.  97  %  containing  max.  0.8  %  Na2C02 
and  KOH :  min.  86  %  containing  max.  0.8  %  K2CO-j  )  .  Water 
contained  in  these  chemicals  was  mostly  evaporated  when 
they  were  heated. 

A  mixture  melt  ( NaOH- KOH )  of  a  chosen  concentration 
was  stored  in  another  small  vessel  of  alumina,  and  bubbled 
at  723  K  with  dry  N2  gas,  which  had  passed  through  cone, 
sulfuric  acid  and  molecular  sieve  4A,  at  least  for  12  hr 
for  dehydration  (5).  The  chemicals  NaOH  and  KOH  used  in 
this  vessel  were  the  ones  made  by  Merck  Co.  Ltd.  (NaOH: 
min.  99  %  containing  max.  1%  Na2C03  and  KOH:  min.  85  % 
containing  max.  1%  K2CO-j).  Water  content  of  the  melt  was 
measured  with  Karl  Fischer's  method  (e.g.,  for  a  50-50  mol 
%  mixture  less  than  1.7%). 

Two  alumina  tubes  with  different  diameters  (outer 
dia.:  6  mm  and  16  mm  ;  inner  01a  .  :  4  mm  and  10  mm, 
respectively,  o(-alumina  SSA-S  made  by  Nihon  Kagaku  Togyo 
Co.  Ltd.)  were  connected  with  alumina  cement  (Aron  Ceramic 
D  made  by  Toagosei  Chemical,  Japan)  and  employed  as  a 
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separation  tube.  The  separation  tube  was  packed  over  150 
mm  long  with  alumina  powder  of  150-180  pm.  Both  the  top 
and  the  bottom  of  the  diaphragm  part  of  the  powder  were 
installed  with  alumina  wool  for  settling  the  powder. 

The  separation  tube  was  put  into  the  small  vessel,  and 
after  the  diaphragm  part  was  filled  with  the  melt,  the 
tube  was  transferred  into  the  electromiarat ion  cell  con¬ 
taining  the  catholyte  of  the  ternary  mixture.  The 
separation  tube  was  set  so  that  the  connected  part  of  the 
two  tubes  was  2-3  cm  above  the  level  of  the  catholyte;  by 
this  a  possible  short  circuit  between  inside  and  outside 
was  avoided.  Then,  electromigration  was  started  with 
constant  electric  current  of  about  150  mA.  Platinum  wires 
of  1  mm  &  were  used  as  electrodes.  A  mixed  gas 
of  Oj  and  hot  water  vapor  was  bubbled  around  the  cathode. 
Conversion  of  the  e 1 ect rodepos i t ed  metal  into  the  orioinal 
hydroxide  was  expected  to  occur. 

During  e  1  ect rom i g ra 1 1  on ,  dry  \'2  gas  was  passed  also 
through  the  catholyte  melt  to  remove  the  excess  water. 

After  electromiqrat ion , of  2. 5-3.0  hr,  the  separation 
tube  was  taken  out,  cleaned  on  the  outside  wall  and  cut 
into  pieces  of  ca .  10  mm  long.  The  salt  in  each  fraction 
was  dissolved  into  distilled  water,  and  the  content  of  the 
cations  was  determined  by  flame  spectrophotometry. 


RESULTS 

The  relative  difference  in  the  internal  mobilities  of 
the  two  cations  is  defined  as 

e  =  (bNa  -  bK)/b  ( 1  ) 

where  b=xNab^a  +  xKbK  ( x^a  ancl  XK  are  ,no^e  fractions  of 
NaOH  and  KOH,  respectively).  The  c  value  can  be  calcu¬ 
lated  from  the  distribution  of  the  cationic  species  in  the 
separation  tube  and  the  transported  charge  according  to  a 
formula  given  in  Ref.  (6). 

Main  experimental  conditions  and  the  results  are  given 
in  Table  1.  As  the  absolute  values  of  f  are  large  at  most 
concentrations,  relatively  small  transported  charges  in 
these  experiments  compared  with  those  for  alkali  nitrates 
may  have  been  enough. 

Internal  mobilities  of  the  two  cations  are  calculated 
from  e  and  available  data  on  the  density  and  conductivity 
( 1  )  ( 2 )  by  using 
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bNa  * 

(  H  V/F) ( 1  +  xK  c  ) 

(2a) 

II 

X 

X 

(  h  V/F)  (1  -  xNa  e  ) 

(2b) 

where  V  is  the  molar  volume  of  the  mixture  and  F  the 
Faraday  constant. 


DISCUSSION 

The  isotherms  of  and  are  shown  in  Fig.  2.  The 
bNa  and  bK  decrease  with  decreasing  xNa  and  XK,  respect¬ 
ively.  In  a  certain  range  of  concentration  the  Chemla  ef¬ 
fect  (7,8)  occurs,  that  is,  the  internal  mobility  of  the 
smaller  cation  Na  +  is  smaller  than  that  of  the  larger  one 
K+ .  The  Chemla  crossing  point  shifts  toward  higher  con¬ 
centration  of  the  smaller  cation,  as  temperature 
increases;  this  is  observed  also  in  other  binary  systems. 

We  have  found  that,  in  other  mixture  melts  with  a  com¬ 
mon  anion  such  as  alkali  nitrates  wli t- r e  Cou lombic  interac¬ 
tion  between  cations  and  anions  is  the  predominant  factor 
influencing  the  mobilities,  the  cation  internal  mobilities 
are  well  expressed  by 

b  =  (A/(V-v0) ] exp ( - E/RT )  ,  (3) 

where  A,  E,  Vg  are  the  parameters  characteristic  of  the 
cation  of  interest  and  almost  independent  of  the  co¬ 
cations  and  temperature  (9). 

In  order  to  see  explicitly  whether  such  an  equation 
holds,  we  have  plotted  the  reciprocal  values  of  bN?  and  b^ 
against  V  and  found  that  b^  is  well  expressed  with  such 
an  equation  except  at  low  molar  volume  (as  for  b^'1  ,  see 
Fiq.  3).  The  solid  lines  are  drawn  with  the  parameters  A 
=  0.494  x  10~11m5V'1s"1 ,  E  ^  11.34  kJ  mol-1  and  VQ  =  11.51 
x  10_“m^mol_1.  The  negative  deviation  of  b^a  from  Eq.  (3 
)  with  the  parameters  given  above  is  attributable  to  the 
small  effective  free  space.  (In  Fig. 3  the  negative  devia¬ 
tion  appears  as  a  positive  one  since  the  reciprocal  of  bNg 
i s  taken . ) 

Our  interpretation  why  b^a  decreases  with  decreasing 
xNa  is  quite  similar  to  that  often  stated  for  other  sys¬ 
tems  such  as  binary  alkali  nitrates  (10). 

It  is  rather  surprising  that  the  profile  of  the 
isotherms  of  bK  is  quite  different  from  that  of  bNa  , 
whereas  the  ionic  sizes  of  these  cations  are  not  so 
different.  The  profile  for  K+  ions  in  the  present  system 
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is  quite  different  from  that  in  the  binary  system  (Na, 
K ) NO ^ ,  and  rather  similar  to  that  of  se  1  f -di f f usion  coef¬ 
ficients  in  glasses  exhibiting  t|le  "mixed  alkali  effect"  (11). 


It  is  also  surprising  that  the  molar  conductivity  of 
neat  KOH  is  greater  than  that  of  neat  NaOH.  The  external 
cation  transport  numbers  in  NaOH  and  KOH  have  been 
reported  by  Shvedov  and  Ivanov  (10)  to  be  0.10  +  0.03  and 
0.03  +  0.03,  respectively.  These  suggest  that  the 

mechanisms  of  ionic  conduction  may  be  considerably  dif¬ 
ferent  in  these  melts. 

It  is  known  that  in  alkali  chloride  melts  internal 
mobilities  are  strongly  related  with  a  separating  motion 
of  neighboring  cations  defined  as  the  se 1 f -exchange 
velocity  (SEV)  (11).  Thus,  the  internal  mobilities  also 
in  the  present  system  may  be  explained  in  terms  of  the 
SEV.  At  high  xK  region,  the  motion  of  OH'  ions  may  be 

great  and  the  contribution  of  this  motion  to  the  SEV  in 

K+-OH~  pairs  is  much  greater  than  that  of  the  K+  ions.  As 
xK  decreases,  that  is,  Xy  increases,  separating  motion  of 
OH'  ions  from  K+  ions  will  become  less  vigorous  owing  to 
the  stronger  interaction  between  Na+  and  OH"  ions. 
Therefore,  with  decreasing  xK,  bK  considerably  decreases. 
This  decrease  of  could  not  be  attributed  to  the  smaller 
free  space  in  the  present  case.  If  this  were  due  to  the 

free  space  effect,  the  rate  of  decrease  of  bK  would  become 

more  sharp  with  decreasing  xK.  If  it  is  assumed  that,  in 
mixture  melts,  Na+,  K+and  OH' ion's  move  mainly  in  the  Na+-0H~ 
and  K+-OH”  pairs,  respectively,  the  rather  strange 
isotherm  of  bR  can  qualitatively  be  interpreted. 

According  to  a  study  of  infrared  spectrometry  on  mol¬ 
ten  NaOH,  the  spectral  data  are  interpreted  in  terms  of 
hydrogen  bonding  or  polymer  formation  (12).  This  is  not 
inconsistent  with  the  data  on  bNa  in  the  present  mixture. 
It  needs  to  be  studied  further  in  connection  with  the 
ionic  mobilities  and  the  difference  in  the  structure  between  NaOH 
and  KOH  melts. 

In  conclusion,  the  profile  of  the  isotherms  of  bNa  and 
bK  is  quite  differer.",  and  the  Chemla  effect  clearly  oc¬ 
curs  except  at  high  concentration  of  NaOH.  The  profile  of 
by  is  similar  to  that  found  in  other  ionic  melts  such  as 
alkali  nitrates,  but  that  of  is  rather  different 

from  those  so  far  found.  This  is  interpreted  by 

assuming  that  the  external  transport  number  of  OH“  ions  in 
the  neat  KOH  is  considerably  great  and  decreases  with  in¬ 
creasing  concentration  of  NaOH. 
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Fig.  2.  Isotherms  of  internal  mobilities  of  Na  + 
ions . 


and  K + 


b„  for  neat  KOH  at  623  K,  which  is  estimated  f i om 
the  extrapolated  conductivity  data. 
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ABSTRACT 

Mo  lor u La r  dynamics  (MD)  si mul. at  ion  o 1  t ho 
equimolar  mixture  "I  1-  i  C 1  and  I.iBr  melts  has  he  on 
performed  at  < » b  <  >  n  t  I00u  K  ti  evaluate  the  velocity 
of  separating  motion  of  adjacent  unlike  i  * » n  pairs 
defined  as  the  sc  1  f  -c\<  li.tnye  vel<#i  il\  (SEV).  <h« 

SF.V  of  Li-Br  pairs  is  greater  than  th.it  Li -Cl 

pairs.  This  predicts  that  in  t  li  i  s  mixture  the 
internal  mobility  of  Hr-  ions  would  !><  greater 
than  that  of  ('  I  “  ions,  that  is,  the  "anion  ('hernia 
effect"  will  occur.  For  comparison,  MD  simulat  imi 
of  pure  Li  Cl  and  I.iBr  melts  has  also  been  done. 

INTRODUCTION 

In  previous  studies,  we  have  measured  internal  nobil¬ 
ities  of  cations  in  various  molten  binary  "ixtures  with  a 
common  anion.  In  most  of  the  systems  the  (hernia  effeit 
(l,  2)  occurs  in  some  i  nm  cut  rat.  i  on  range,  that  is,  the 

mobility  of  the  larger  cation  is  greater  than  that  of  the 
smaller  one.  This  has  been  interpreted  in  terms  ->f  the 
difference  in  the  Coulombic  forces  exerted  on  l-ngr  and 
s  mall  ratio n  s  b v  t  h  e  anions. 

We  have  found  that  in  molten  alkali  chlorides  i  n  t  e i  n  a  I 
mobilities  arc  strongly  related  with  the  \  e  1  <»r  i  t  v  o)  the¬ 
se  pa  rating  motion  of  neighboring  cation  ind  ani-oi  tie  fined 
as  the  s  e  1  f - e  x  r  h  a  n ge  v e 1 o  c  i  l v  ( S K  V )  (  1  ) .  w h  i  i  h  <  a n  b  o 

evaluated  by  molecular  dynamics  (Ml))  si  mil  at  ion.  For 
example',  in  the  molten  mixture  of  (Li,  K  )  (  1  the  Chonla  cf - 
f  re  t  for  the  internal  mobilil  ios  (4)  has  been  reproduced 
by  t  h  o  corresponding  S  E V 1 s  ( a ) . 

If  the  Chemla  effect  is  caused  b\  tit*-  dill  •ton;  e  in 
the  Coulombic  f  o  r  c  es  b  e  l  w  o  e  n  two  kinds  » *  t  u  1  i  k  o  ion 
pairs,  it  is  expected  that  also  in  a  binary  mixture  with 
a  common  cation  the  anion  Chemla  effort  will  <'•  mii-  ,  Ihus, 
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in  the  present  study  the  SKV's  in  the  equimolar  mixture  of 
Li  Cl  and  Li Br  melts  have  been  calculated  to  learn  whether 
t  h  e  a  nion  ('.hernia  effect  in  the  S  K  V  '  s  o  c  c  uts.  F  u  r 
comparison,  the  SEV's  of  neat  LiCI  and  LiHr  melts  have 
been  calculated.  Ml)  simulation  of  LiBr  melt  (ft)  as  veil 
as  Li  Cl  melt  had  been  performed;  however,  the  SKY  of 
alkali  bromide  melts  had  not  been  studied. 


MOLECULAR  DYNAMICS  SIMULATION 


For  all  the  systems,  4  32  ions  were  taken  in  the  cubic 
cell.  In  the  case  of  the  equimolar  mixture,  2  16  Li + ,  108 

01~  and  108  Br”  ions  were  disposed  in  the  cell.  Ihe  edge 
length  L  of  the  cubes  was  calculated  from  the  data  on  the 
densities  (7,  8).  The  pair  potentials  of  the  Born-Maycr- 

Huggins  t v pe  were  adopted: 

u  i  j  (  r  >  =  ZiZjV-Mj^r  +  A-^b  exp[(  'j+  °j-r)/P 

where  z  is  the  charge  number  !  e  the  elementary  charge, 
c n  the  permittivity  of  vacuum,  and  A  the  Pauling  factor. 
Parameters  b  ,  o  ,  e  .  c  ant!  d  were  taken  from  those 
presented  for  the  <rv.st.als  by  To  si  and  Fumi  (9);  for  the 
mixture  the  combination  rule  presented  by  Larsen  et  al. 
(10)  was  employed.  The  parameters  used  are  given  in  Table 
1  .  The  Ewa 1 d  method  (II)  was  employed  for  the  calculation 
of  the  Coulomb ic  force.  The  MD-simulnt ions  were  performed 
with  a  constant  energy  procedure.  The  step  time  was  4  f  s  . 
The  average  pressure  was  0.24  Gf’a  for  Li  Cl,  0.21  GPa  tor 
LiBr  and  0.18  GPa  for  Li  (Cl,  Br),  and  the  temperatures 
were  1004  K ,  1002  K  and  091  k,  respectively.  After  about 
3000  time  steps  for  equilibration,  the  run [  imirat ions  for 
the  following  3000  time  steps  were  employed  for  various 
calculations  of  the  properties  for  each  system. 


RESULTS  AND  DISCUSSION 
Pair  correlation  function 

The  characteristic  values  of  the  pair  correlation 
functions  g ( r )  are  given  in  Table  2 .  In  Fig.  1  .  g ( r )  and 
the  running  coordination  number  n(r)  are  shown  for  the  un¬ 
like  ion  pairs.  The  positions  of  the  first  maximum 
for  g  [  j  £  j  and  8  ]  j  fj  r  are  almost  the  same  in  the  pare  salts 
and  the  mixture,  while  the  peak  heights  decrease  with  in¬ 
creasing  concentration  of  LiBr.  Similar  behavior  has  been 
observed  in  such  systems  as  ( I .  i  ,  R h  ) C 1  (  3  )  .  This  can  b c 

explained  as  follows:  with  increasing  concentration  o t 
LiBr,  the  average  distance  between  neighboring  Li+  ions 
increases,  as  is  seen  also  from  the  positions  of  the  first 
maximum  of  R  ]  j  ]  i  ^ r  ^  '  n  Table  2,  and  the  halide  ions  arc 
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mure  structured  with  the  nearest  neighboring  l,i+  ions  h  v 
experiencing  less  interference  from  other  surrounding  L i + 
ions.  This  feature  distinctively  appears  also  in  the 
self -exchange  velocity  which  will  be  stated  later. 


Angular  correlation  function 

For  further  insight  into  the  short  r  a "  j 
the  angular  correlation  function  defined  by 
c  a  l  c.  u  1  a  t  ed  : 

P  (  0  )  =  C  d  n  (  0  )/[sin  a  j.«  ] 

C  is  the  normal ization  constant 
(  9  )  d0=  1  an'1  d  n  (  9  )  is  the 

a  n  L  i  +  io>'  *  i  l  h  i  n  d  i  s  t  a  n  c  e  R 

+  2,  9  /  2  (  AO  =  )  ;  R  is  i  h  e  pos  i  t  i  o”n 

u  n  i  t  v  f  o  **  the  second  time  a  n  d  m  a  v  b  e 

of  the  nearest  neighbor  interaction  (1 
t ' .  e  neat  salts  and  ; n  the  mixtur e  a  r  e 
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So  l  f -exchange  velocity  (SEV) 

The  average  veloc i tv  of  separating  motion  of  unlike 
ion  pairs  ran  be  expressed  in  terms  of  the  sol f -exchange 
veloc it"  ( SEV ) ,_v ,  del ined  hv 

v_=  C  R  2  -  H  2  )  /  t  ,  O) 

where  R ->  is  t  he  average  distance  between  unlike  ions  lo¬ 
cated  within  distance  R  ,  .  The  anions  within  distance  Hi 
from  each  1.  i  +  ion  arc  marked.  W i t h  the  lapse  of  Lime,  the 
marked  anions  will  move  from  R,  to  R .  The  time  needed 
for  this  movement  is  T  .  During  the  same  t  ime  the  loss  of 
the  coordinating  anions  around  the  cation  is  compensated 
by  the  anions  entering  this  region  from  the  outside. 

The  S  E  V  '  s  for  C 1  ~  -  L  i  +  and  P  r  "  *  -I.  i  +  pa  i  is  a  r  c  given  in 
Table  3.  The  SEV  was  calculated  fur  the  an  inns  coordinat¬ 
ing  to  totally  4)200  Li+  ions  for  each  system.  In  the 
mixture  the  SEV  of  Cl  - 1 .  i +  pairs  is  greater  than  that  < >  1 
B r “ - L i +  pairs.  Thus,  the  C  h  c  m  1  a  effect  for  the  SEV 
o c c urs  . 

The  S  E  V  *  s  so  far  calculated  b  v  M D  simulations  with  the 
T  o  s i - F  u  m  i  potentials  ( 9 )  are  plotted  against  the  ex¬ 
perimental  ly  obtained  internal  mobilities  in  Fig.  ^  .  In 
these  M  D  simulations  the  obtained  pressures  at e  usual  1  v  i  n 
the  order  o  f  0.1  G Pa  ,  whereas  the  internal  mo b i  1  i  t  i e s 
taken  in  Fig.  2  are  those  at  ambient  pressure.  However, 
there  seems  to  be  strong  c or  re  1  at  ion  between  v  and  b.  The 
b  in  pure  L i C 1  is  minimally  greater  than  that  in  pure  I .  i  R  r 
at  1000  K,  if  the  data  on  the  conductivities  and  the  den- 
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sit  ies  in  Ret.  (8)  art*  taken.  If  the  data  are  taken  from 
an o tlier  reierence  (7),  this  order  is  reversed.  As  lor  the 
S  F  V  ,  it  is  slightly  greater  in  l.iCl  than  in  LiBr,  as  shown 
in  Ta  b 1 e  3 . 

For  I  urthcr  insight,  the  motion  of  distinct  i  «»n  pairs 
is  ex  a  rr.  i  n  e  d  .  T  i  me  e  v  o  I  tit  i  un  of  the  d  i  s  t  a  n  c  es  of  distinct 

C 1  ~  and  Br-  ions  within  tiie  respective  R/s  at  t.  =  0  from  a 

distinct  i.  i  +  ion  in  the  mixture*  is  shown  in  Fig.  4.  This 
motion  tan  be  classified  into  four  processes  (4,  IT). 

(i)  The  <in  ion  which  starts  within  R  •>  at  t=0  passes  R  j 
for  the  first  time  niter  passing  R>  for  the  last  time  at 
the  time  t.  (oscillating  motion  =  H- process);  R  m  j  is  the 
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L-  process  the  velocity  of  the  former  is  smaller  than  that 
o  f  the  latter. 

Self-diffusion  coefficient 

The  se  l  f  -cl  i  f  f  u  s  i  on  coefficients  of  the  ions,  0,  have 
been  evaluated  from  the  mean  square  displacements,  whi«  h 
have  been  taken  over  8  ps  iron;  different  4  0  time  origin-.. 
The  evaluated  values  are  given  in  Table  *>  along  with  'lie 
e x  pe  r i men  t  a  1  values  f  o  r  L i C 1  (14).  This  table  shows  that 

D  of  C 1  ~  ions  is  greater  than  that  <>f  Hr"  ions  in  tin  mix¬ 
ture  as  well  as  in  the  pure  melts.  I’hal  is,  l  lit*  (.'hernia 
effect  does  not  occur  for  the  se  1  f -<l  i  t  f  tj  s  i  on  r  >><■ -I  f  i  r  j  en  t  s  . 
The  se 1 f -d i f  f  u  s i o  n  c  oe f  t  i i  i cut  r  e  t  e  r  s  t  « •  the  mot  ion  of  the 
ions  with  reference  to  their  original  position,  w  h  e  r  <■> 
the  internal  mobility  of  the  anions  is  related  to  t  tie  mo¬ 
tion  with  reference  to  their  c  on  n  t  e  r  -  i  or:  s  .  Mr  e  r  e  1  <m  »«  ,  t  lie- 
self-  d  i  f  f  u  s  i  n  n  e  oe  f  1  i  c  i  e  n  t  of  the  snta  I  I  cr  rid  lighter  i  •  •  n  w 
should  be  general  I v  greater  than  that  of  the  1  tiger  r.d 
h  ea v i e r  ones. 


Table  r>  indicates  also  that  H  for  (’ 1  ni'l  Hr  ions  :i 
greater  in  the  pure  melts  than  in  tire  mixture.  fhiv  -a 
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Table  1.  The  parameters  used  for  the  MD  simulation. 


Table  la 


Li  —Li 

Cl  -Cl 

Br-Br 

Li  -Cl 

I.i-Br 

C 1  -  B  r 

A 

2.00 

0 . 7  5 

0.7  5 

!  .375 

1.375 

0.75 

a  /  pm 

16  3.2 

317.0 

34  3  .  2 

3  40.  1 

2  5  3  .2 

3  30  .  1 

/10-79J  m6 

O 

o 

111.0 

18  5.0 

2.00 

2  .  50 

14  3.0 

/10-"j  m6 

0.030 

223.0 

4  2  3.0 

2.40 

3  .  30 

30  7.1 

b  =  0.338  x 

10-19 

J 

Table  lb 

System 

/  pm 

L/  pm 

Kef. 

LiCl 

34 . 2 

2187.9 

(7) 

LiBr 

35.3 

2345.3 

(7) 

L  i  (  C  1  ,  B  r  ) 

34 . 8 

2274.8 

(8) 

iOO 


Table  2.  Characteristic  values  of  the  pair 
correlation  functions  g  —  Cr). 
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Br)  L: 

L  Cl 
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.29 

279 
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0  . 

42 

L, 

i  Br 

21  1 

241 
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.40 

304 

367 

0. 

50 

L: 

i  L  i 

327 

385 

1 

.80 

477 

553 

0. 

72 

Cl  Cl 

323 

369 

? 

.  19 

455 

527 

0. 

6  2 

Br  Br 

350 

397 

2 

.  13 

491 

577 

0. 

6  5 

C 1  Br 

335 

381 

2 

.  14 

469 

551 

0. 

6  3 

Li  Cl 

Li 

i  Cl 

192 

223 

3 

.72 

281 

3  53 

0  . 

4  6 

L  i 

i  Li 

3  1  8 

37  1 

1 

.82 

4  59 

535 

0. 

69 

Cl 
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324 
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537 

0. 

6  5 

Li  Br 
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.78 
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0  . 

47 

Li 

i  Li 

34  1 

39  7 

1 

.  79 

4  94 

573 

0. 

70 

Br  Br 

349 

401 

2 

.  1  4 

487 

57  3 

0. 

6  3 

R 1  is 

the  pus 

i  t  i  on 

where  g  (  r  ) 

crosses 

unit; 

v  f  o  r 

the 

first 

time. 

Table  3. 

Self- 

e  x  c  h  a 

n  ge  velocity  o 

i  n  e  i 

g  h  bo  r 

i  n  g  unlike 

ions 

at  about  1000 

K. 

S  v  s  t  e  m 

Cl '-Li 

+ 

Br 

--Li" 

( m  s"1 

) 

L i  ( Cl 

.  Br) 

1  1  9 

1  34 

LiCl 

145 

— 

Li  Br 

— 

120 

Table  4 . 

Se!  f- 

diffusion  c 

o efficients  a 

t  about  1 000  K  . 

System 

Li 

+ 

(10 

-9 

cr  _ 

m  ^  s 

h 

Br' 

Li  (Cl  , 

Br) 

10. 

3 

7.0 

4  .  7 

LiCl 

9  . 

2  [  14 

•  2  1 

8.2  [ 

7.2  1 

— 

L  i  B  r 

10. 

0 

— 

6. 2 

The  values  in  brackets  are  the  experimentally 
obtained  ones  at  1000  K  at  ambient  pressure  (14). 
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STRUCTURE  EFFECTS  ON  BINARV  ORGANIC 
CLASS  FORMING  MOLTEN  SALT  SOLUTION 
TRANSPORT  PROPERTIES 


A. M. Elias  and  M.E. Elias 

Denartment  of  Chemistry’,  Lisbon  Universitv,  FCL , 
1294  Lisbon  Codex,  Portuaal . 


ABSTRACT 


The  viscosities  and  electrical  conductances  Cr 
molten  salts  solutions  in  two  superficially  similar  croa- 
nic  systems,  v-picclinium  chloride*  a-picolinium  chloride 
and  cuinolinium  chlcride+  a-niccl inium  chloride  have  been 
measured  and  shewn  to  have  a  characteristic  behavior.  In 
the  first  case  the  conductivity’  and  fluidity’  increase  as 
4-methvl-pvridinium  chloride  is  added  to  the  2-o'’ridiniun- 
chloride  while  with  quinolinium  chloride  addition  for  a 
small  concentration ,  5.3%  a  maximum  occurs  followed  by  a 
decrease.  The  differences  are  attributed  to  organic 
complex  formation  and  different  Geometric  ccnf iouration  of 
solute  which  can  be  seen  to  act  as  Lewis  acids.  Both  frag^ 
le  molten  salt  systems  exhibit  considerable  reoions  of 
glass  formation,  and  correlations  or  the  transnert  behavior 
with  glass  transition  temperatures  can  be  made. 


INTRODUCTION 


In  the  literature  on  molten  salts  much  attention  has 
been  given  to  the  problem  of  the  structure  of  organic 
systems  (1-6)  little  attention,  however,  has  been  given  to 
the  relation  among  glass-f ormat ion ,  cohesive  parameters, 
the  structure  of  the  melt  involving  ionic  configuration  and 
transport  properties  of  the  solution  mixtures. 

In  a  previous  study  2-methyl-pyridinium  chloride 
functions  as  strong  Lewis  base  solvent  with  inorganic  salts 
(7,8);  In  addition,  it  has  a  good  glass  formation  capability. 
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The  present  work  analyses  the  conseauences  of  retra¬ 
cing  the  inoroanic  salts  by  two  ether  oraanic  compounds , 4  - 
methvl-Dyr idinium  chloride  and  auinolinium  chloride  and 
shows  the  extent  of  structural  and  eneraetic  aspects  of 
the  basic  mass  transfer  process  and  its  relation  to  glass 
formation . 


EXPERIMENTAL  SECTION 


2-methyl-pvr idinium  chloride,  desinnated  hereafter 
a-picHCl  was  prepared  by  combination  of  a-oicoline  (rluka) 
with  hydrochloric  acid.  The  product  was  purified  bv  distilla_ 
tion  as  described  elsewhere  (7).  This  was  followed  by  a  va¬ 
cuum  sublimation  which  yielded  a  white  solid  with  mel- 
tina  point  91-91. 5rC  .  .  Both  4-methyl-ovridiniun  (-,-nicHCl) 
and  guinolinium  (QHC1)  chlorides  were  nreoared  in  similar 
procedures.  The  melting  points  cf  the  final  anhvdrcus  pro¬ 
ducts  were  165. 2°C.  and  135°C.,  respectively.  The  sublimed 
materials  were  then  melted  droowise  into  linuid  nitrogen 
and  stored  as  dry  beads  for  convenient  manipulation. 

Binary  melts  were  prepared  bv  fusing  the  nreweiohed 
components  under  dry  nitroqen  and  checking  for  weight  loss, 
all  operations  beina  carried  out  under  nitrogen  in  a  drv 
box  atmosphere.  The  transport  properties  were  measured 
immediately  after  the  melt  preparation. 

Differential  scanning  calor imetry  (DSC)  and  differen 
tial  thermal  analysis  (DTA)  were  performed,  respectively, to 
determine  (a)  the  phase  diagram  in  the  case  cf  the  ouinc-li- 
nium  and  -y-picclinium  chlorides  (b)  the  glass  transition 
temperatures  of  both  systems,  for  DEC  studies,  samples  we¬ 
re  hermetically  sealed  into  aluminium  Dans  in  a  dr''  bex  and 
scanned  at  10°C.,  using  the  ^erk in-Elmer  DSC-1  instrument. 
Only  one  scan  was  performed  on  each  samnle  to  avoid  the  dan 
ger  of  contamination  bv  the  aluminium  sample  nan  once  mel- 
tinq  had  occurred.  The  T  values  were  determined  bv  DTA  oT 
small  samples  contained  in  4mm  ovrex  tubes  scanning  at  8°C . 
min”  .  EME  were  recorded  using  a  Houston  instrument  X-v  3000 
recorder . 

Kinematic  viscosities  of  both  organic  binar”  svstems 
were  determine  using  a  Ubbelchde  capillary  viscometer  with 
C=4 .  998x10“ ^  cst  s~  .  Electrical  conductivities  were  deter¬ 
mined  on  the  samples  using  the  hvbrid  Ubbelohde  cannillarv 
viscocell  with  cell  constant  a=26.62  cm-^  (8). 

All  melts  were  hot-filtered  before  admission  to  the 
measuring  cell,  both  filtration  and  cell-  filling  operations 
being  conducted  in  the  drv  box.  Flow  times  were  measured  by 
a  TC-13  Advanced  Electronics  LTD  and  conductivities  were 
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determined  using  a  Wayne-Kerr  B641  autobalance  universal 
bridge  at  1592  Hz.  The  temnerature  control  (+0.1°C)  was 
performed  bv  a  photodiode  system  described  elsewhere  (9). 


RESULTS  AND  DISCUSSION 


The  temperature-kinematic  viscosity  data  for  the 
system  -picHCl+QHCl  are  plotted  in  figure  1.  Results 
show  a  dependence  which  is  typical  for  this  sort  of  sys¬ 
tems.  Figure  2  and  figure  3  present  electrical  conductivi¬ 
ty  and  kinematic  viscosity  for  c<-picHCl  +  J"-picHCl  system 
whose  behavior  also  appears  as  expected  .  Isotherms  of  con¬ 
ductivity  and  viscosity  are  represented  in  figures  4  and 
5  for  the  last  system.  Conduct! vities  shows  a  steadly  in¬ 
crease,  as  i'-picHCl  content  increases  and  this  is  more 
pronounced  for  higher  temperatures.  On  the  other  hand, 
viscosity  shows  a  minimum  around  20%  in  j'-picHCl.  Data  for 
this  system  only  covers  the  range  0-35  %  in  [f-picHCl  due 
to  the  lack  of  homogeneity  found  beyond  that  composition. 
The  CK -picHCl+QHCl  system  presents  solubility  for  all  ran¬ 
ges  of  compositions.  Viscosity  isotherms  for  c*.  -picHCl+ 
QHC1  (Fig. 6.)  show  an  almost  steadly  decrease  between  0- 
-60%  in  «  -picHCl,  the  same  applies  in  the  range  0-5,3%  in 
QHC 1 ,  however  the  decrease  is  sharp  coming  to  a  minimum 
around  that  composition.  A  range  cf  constant  viscosity  is 
found  between  60  and  90%  in  **  -picHCl. 

A  partial  phase  diagram  for  C*  -picHCl-  If  -picHCl  is 
represented  in  figure  7  and  the  phase  diagram  for ck  -picHCl  - 
QHC1  is  represented  in  figure  8.  Both  diagrams  present  a 
simple  eutectic.  In  first  case  that  point  occurs  for  the 
composition  X=26%  (T-picHCl  and  in  the  second  system  for 
38%  in  QHC1 .  In  figure  7  is  also  shown  glass  transition tem 
perature,  T„;  the  values  of  the  ideal  temperatures  are 
plotted  in  figure  9,  for  O'.  -picHCl+  y-picHCl.  The  values  of 
Tg  and  TQ  for  & -picHCl+QHCl  are  shown  in  figure  8.  For 
both  cases  the  values  of  TQ  were  computed  at  constant  va¬ 
lues  of  B  parameter  making  use  of  VTF  equation 

In  W  =  A  -  (B/(T-Tq) ) 

where  W  is  a  transport  property  and  A  is  a  constant. 

Figure  10  and  figure.,  11  present  activation  energy 
as  a  function  of  (T/(T-T  ))  for  both  systems.  Also,  T  - 
-reduced  Arrhenius  plotsare  presented  in  figures  12  and 
13. 
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The  minimum  in  viscosity  which  occurs  in'* -picHCl <-QHCL 
for  5.3%  QHC1  is  due  to+the  break  of  the  complex  (7,i0) 

[  OC-picH .  .  .  Cl .  .  .H  W-picj  ,  which  forms  in  molten  (k -picHCl . 
This  situation  is  not  found  in  the  systems  containing 
y-picHCl.  A  minimum  is  found  only  at  20%  of  4-methyl-pyri- 
dinium  chloride  with  a  corresponding  maximum  in  electrical 
conductivity  for  the  same  composition.  These  features  are 
well  correlated  with  glass  transition  parameters.  In  fact, 

T  and  T  for  QHC1  system  present  a  minimum,  for  concentra¬ 
tion  5.3§  and  then  a  systematic  increase  up  to  the  value  in 
pure  QHCl.  In  the  case  of  Jf-picHCl  system,  for  glass  tran¬ 
sition  temperatures  a  minimum  occurs  in  the  region  20-30% 

IT -picHCl.  The  glass  forming  range  in  ck  -picHCl-  T-picHCl 
collapses  for  compositions  higher  than  35.5%  in  r~picHCl, 
and  f  -picHCl  itself  is  nonglass  forming  (11).  The  domain 
of  glass  forming  in  o<  -picHCl-QHCl  system  is  from  40  to 
100%  in  t* -picHCl  and  also  QHC1  is  nonglass  forming  (12). 

Considering  the  activation  energy  E^  in  the  case 
of  ct-picHCl+  f-picHC!  (figure  10)  and  E  ^  in  the  case  of 
tk-picHCl+QHCl  (figure  11)  as  function  of  (1-(T0/T))~  two 
sets  of  straights  lines  are  found  and  in  both  cases  they 
converge  to  the  origin.  The  energetic  parameter  for  conduc¬ 
tivity  shows  a  systematic  increase  from  0  to  35.5%  in 
Jf  -picHCl,  on  the  other  hand  for  the  system  containing 
QHC 1  again  a  minimum  in  the  energetic  parameter  for  visco¬ 
sity,  occurs  for  5.3%  in  QHCl  (figure  11).  This  is  due  be¬ 
cause  the  values  of  configurational  entropy  are  higher  in 
QHCl  system  than  the  values  for  r-picHCl  containing  system. 
In  fact,  for  this  sort  of  liquid  it  is  reasonable  to  assu¬ 
me  that  C  is  approximately  the  same,  so  that  relative 
changes  in^T  and  Tq  may  indeed  be  qualitatively  estimated 
from  relative  chanqes  in  configurational  entropy,  Sc.  So, 
the  collapse  of  the  organic  complex  present  in  molten 
<K  -picHCl  gives  an  increase  in  Sc.  This  is  consistent 
with  Moynihan  and  Angell' s  ( 1 3  )thesis  that  configurational 
energy,  Ec,  determines  T  . 

The  range  of  constant  kinematic  viscosity  shown  by 
the  isotherms  in  the  domain  of  composition  X=0. 0-60.0%  in 
2-methy 1-pyr idinium  chloride  is  probably  due  to  the  occuren 
ce_of  complex  ionic  species  which  lead  to  the  removal  of 
Cl  and  increase  in  Tq  and  Tg.  The  increase  of  viscosity 
above  x=40%  in  QHCl  is  mainly  due  to  the  molecular  volume 
of  QHCl  in  addition  to  the  effect  of  Cl  ion  transfer;  as 
the  composition  approaches  the  pure  component, fluidi ty  de¬ 
creases.  In  the  first  case  configurational, translational , 
and  rotational  energies  are  expected  to  have  lower  values 
than  those  for  compositions  X>40%  j.n  «  -picHCl.  Here,  uns¬ 
table  ion  complexes,  like  (QH) jCl  and  Cl  «. -picHCl  may  be 
present,  lowering  the  value  of  S.  and  increasing  T  . 


If  ve  consider  the  values  of  viscosity  and  the  =  ddi 
tity  deviation  for  CA -picHCl+QHCl ,  it  is  found  that  the 
deviation  is  negative  and  this  fact  is  in  agreement  with 
the  theory  which  relates  organic  cation  dimensions  with  the 
values  of  those  differences.  These  negative  differences  (2) 
are  higher  or  lower  when  the  organic  cations  are 
more  or  less  distinct  .  In  the  present  study  the  dimension 
(VM)  of  2-methyl-pyridinium  chloride  is  approximately  half 
of  QHCl, 

The  fragility  of  the  two  systems  (8,14)  is  apparent 
from  figures  12  and  13,  T  -reduced  Arrhenius  plots,  in  spi 
te  of  the  results  reportid  in  kinematic  viscosity.  This 
fragility  is  related  to  the  facility  with  which  the  molecu 
lar  order  can  reorganize  particularly  in  the  intermediate 
distance.  In  oc-picHCl+  X-picHCl  the  fragility  in 

the  glass  forming  range  is  remarkably  the  same  for  the 
different  compositions  we  have  studied  (figure  13).  In  the 
case  of  QHCl  system,  fragility  increases  with  QHC.l  content 
due  to  the  shift  (in  the  reduced  Arrhenius  plot  for  visco¬ 
sities)  toward  the  center  of  general  pattern  (figure  13).  In 
accordance  with  the  complex  formation  decrease  for  X<94.7% 
ct-picHCl  in  the  glass  forming  range. 


CONCLUSIONS 


This  study  has  shown  that  the  consequences  of  the 
t  -picHCl  and  QHCl  addition  to  <*-picHCl  depend  on  the  re 
lative  compositions  of  the  binary  mixtures,  and  on  the 
concentration  of  organic  complex  species  present  in  the 
molten  systems. 

The  increase  in  the  QHCl  content  gives  a  rise  of 
fragility  in  the  liquid  structure  of  the  systems,  but  in 
the  other  hand  the  increase  in  J'-picHCl  content  does  not 
significantly  change  the  intermediate  range  order  of  the 
systems.  For  this  case  the  rate  of  temperature  structural 
degradation  remains  the  same. 
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Fig.  1.  Arrhenius  plot  of  kinematic  viscosity  for 
solutions  in  the  system  o<  -picHCl+QHCl . 


Fig.  4.  Isothermal  plots  of 
electrical  conductivity  as 
a  function  of  {f-picHCl  con 
tent  in  the  system  <X  -picHClt 
+  V-picHCl. 


Fig.  5.  Isothermal  plots  of 
kinematic  viscosity  as  a 
function  of  y-picHCl  content 
in  the  system  c*.-picHCl+y-pic- 
HC1 . 
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Fig.  6.  Isothermal  plots  of 
kinematic  viscosity  as  a  fun 
ction  of  o^-picHCl  content  in 
the  system  cx.-picHCl+QHCl . 


Fig.  8.  Phase  diagram  for  the 
system  o(-picHCl+QHCl  and 
glass  transition  temperatures. 


Fig.  9.  Glass  transition  temperatures 
T0(<r),  T  (J)  and  T  for  the  system 
c^-picHCl+  r-picHCl. 


Fig.  10.  Activation  energy  as  a  function 
of  (T/(T— T  ))2  for  the  system  P^-picHCl+ 
+  r_picHCl. 
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ABSTRACT 

Modelling  calculations  of  falling  molten  salt  films  in 
direct  absorption  solar  energy  receivers  led  directly  to 
questions  concerning  the  reliability  of  the  viscosity  data 
for  the  ternary  carbonate  eutectic.  The  present  work  was 
undertaken  to  resolve  this  dilemma.  A  number  of  performance 
problems  were  encountered.  The  resolution  of  these  and  the 
results  for  viscosity  measurements  to  900°C  for  this 
molten  carbonate  system  are  reported.  The  results  differ 
markedly  from  the  earlier  work,  and  possible  reasons  for 
this  are  examined. 


INTRODUCTION 

The  molten  ternary  carbonate  eutectic  is  of  interest  as  a  candi¬ 
date  heat  transfer  medium  in  solar  energy  storage  applications!  1-3) . 
Doubts  on  the  reliability  of  the  previously  measured  values  have 
emerged  in  recent  heat  transfer  calculations  by  Bohn,  and  quite  inde 
-pendently  and  almost  concurrently,  from  viscosity  data  by  Ejima  and 
Sato  for  molten  Na-2C03.  In  the  former  it  was  found  necessary  to 
assume  viscosities  approx.  3.5  times  larger  in  order  to  bring  the 
modelling  calculations  into  agreement  with  the  observed  thicknesses 
of  the  flowing  salt  films.  The  present  work  was  undertaken  to  try  to 
resolve  this  dilemma.  The  investigation  was  extended  to  include  some 
work  with  eutectics  fom  commercial  grade  quality  carbonates,  and 
these  results  are  also  reported. 
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EXPERIMENTAL 


Ail  measurements  were  made  with  the  high  temperature  facility  at 
Tohoku  University  in  which  the  damped  oscillational  technique  and 
working  equations  for  calculating  the  viscosities  on  an  absolute 
basis  are  used.  The  viscometer,  as  seen  from  Figs.  1  and  2,  is 
computer-coupled  for  data  acquisition  and  data  reduction  to  final 
values.  For  the  torsion  wire,  the  Kestin  alloy  (8%  W  -  92%  Pt)  was 
used.  This  alloy  has  a  stable  constant  of  elasticity,  a  low  internal 
friction,  and  is  easily  annealed  stress  free! 4,5). 

Samples  of  the  eutectic  (mol  %:  Li2C03,43.5;  Na2C03,31.5; 
K.2CO3,25.0;  m.pt.397°C)  were  prepared  in  kg.  amounts  from  Reag¬ 
ent  Grade  salts,  and  melted  to  gain  sample  homogeneity.  To  repress 
decomposition,  all  transfers  were  under  CO2  atmospheres.  For 
further  pretreatment  of  samples  in  the  viscometer,  see  later. 

In  Fig. 3  measurements  for  molten  NaCl  are  shown.  The  performance 
of  the  viscometer  is  thus  confirmed  to  be  within  2.5%  of  the  recomme¬ 
nded  values  from  the  Molten  Salts  Standard  Program  (6,8).  However 
when  measurements  were  started  with  the  eutectic,  a  series  of  perfor¬ 
mance  problems  were  encountered.  As  these  appeared  unique  to  work 
with  molten  carbonates,  the  resolution  of  these  were  important  steps 
to  meaningful  results. 

Log(visc)  vs.  T~1  Correlation:  The  temperature  -  viscosity  data 
for  "well  behaved"  ionic  salt  systems  generally  may  be  expressed  by 
an  exponential  function  of  the  form: 

viscosity  =  A  exp  (E/RT) 
and  from  this,  the  correlation: 

log(visc)  =  constant  +  (E/R)[T'M 

provides  a  ready  graphical  check  on  the  progress  of  the  measurements, 
i.e.,a  straight  line  having  a  slope  of  (E/R).  In  the  early  stages  of 
the  present  measurements  with  the  molten  eutectic,  an  apparent  fail¬ 
ure  of  this  criterion  was  observed.  As  seen  in  Fig. 4, the  correlation 
held  well  for  measurements  above  700°C,  but  failed  quite  abruptly 
and  dramatically  at  approx.  700°C.  When  measurements  were  extended 
to  lower  temperatures,  the  slope  changed  as  shown  from  positive  to 
negative  values.  When  the  cause  for  this  "failure"  was  resolved,  it 
was  found  to  be  due  not  to  anomalous  melt  properties ,  but  rather  to 
the  limitations  of  the  viscometer.  The  dimensions  of  the  crucible  in 
this  series  of  measurements  were  [20mm  i.d.  x  88mm |,  and  this  size  is 
suitable  for  fluids  with  viscosities  up  to  -10  mPa»s.  Apparently 
in  the  work  with  the  molten  eutectic,  this  limit  was  being  reached  at 
700°C,  and  being  exceeded  below  this  temperature.  With  larger  cru- 
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cibles  meaningful  measurements  could  be  extended  down  to  600°C  as 
the  lower  limit.  The  physical  limitations  imposed  by  the  hot  zone 
dimensions  precluded  further  increases  in  crucible  size;  the  temper¬ 
ature  range  for  the  measurements  in  the  present  study  was  limited 
accordingly. 

Melt  Creep:  In  the  damped  oscillational  technique,  as  in  this  work, 
the  molten  salt  is  virtually  hermetically  sealed  in  the  (cylindrical) 
crucible  via  a  tightly  fitting  cap.  The  viscosities  are  derived  from 
measurements  of  the  damping  effects  of  the  fluid  thus  confined  on 
the  oscillations  of  the  crucible.  With  the  molten  carbonate,  it  was 
found  that  the  measured  viscosity  at  each  temperature  did  not  remain 
constant,  but  continued  to  vary.  Inspection  of  the  crucible  "post 
measurements"  showed  that  the  outer  surfaces  had  been  wetted  by  the 
melt,  and,  indeed,  a  small  pendant  drop  of  the  carbonate  was  hanging 
externally  on  the  crucible  bottom.  This  melt  creep  complication  was 
resolved  through  a  series  of  steps  as  follows.  Melt  treatment:  The 
eutectics  were  rigorously  pretreated,  as  already  noted,  by  heating  un 
der  vacuum  up  to  the  melting  point  (397°C),  and  then  C02  equili¬ 
brated  by  bubbling  the  gas  through  the  melt  for  -  12  hr  at  700°. 

An  atmosphere  of  [helium  with  50  Torr  C021  was  used  in  the  visco¬ 
meter  during  the  measurements.  This  C02  partial  pressure  is  larger 
than  the  equilibrium  dissociation  pressures  of  molten  carbonates  at 
these  temperatures  and  yet  less  than  the  pressures  that  introduce 
instability  to  the  oscillations  of  the  crucible.  In  this  way  the  melt 
compositions  were  effectively  held  invariant .  Gold  plating:  To 
minimize  wetting  by  the  molten  carbonate,  the  nickel  crucible  sur¬ 
faces  were  gold  plated.  Venting:  Through  a  series  of  test  measure¬ 
ments,  it  was  observed  that  the  melt  creep  occurred  principally  in 
the  initial  stages  of  a  measurement  series,  i.e.,  as  if  melt  degass¬ 
ing  was  occurring,  and  this  apparently  led  to  a  forced  "gushing"  of  the 
melt  through  the  (machine  threaded)  seal.  Accordingly, two  small  holes 
as  vents  were  drilled  in  the  crucible  cap.  The  "vented  cap"  modific¬ 
ation  proved  very  effective  in  minimizing  this  "gushing"  and  was 
used  throughout  the  measurements  reported  herewith. 

The  overall  weight  loss  from  the  crucible  was  thus  minimized  to 
0.3%  or  less.  Corrections  for  this  were  made  in  the  iterative 
calculations  of  viscosities. 

A  further  correction,  namely  the  "meniscus  effect  correction", 
has  been  quantitatively  examined  by  Brockner,  Tdrklep,  and  Oye  (10). 
Under  the  conditions  used  in  the  present  study  (  refer:  above),  the 
uncertainties  due  to  this  possible  error  source  appear  to  be  less 
than  2%,  i.e.,  well  within  the  overall  accuracy  limits  of  +3%  for  the 
present  measurements. 


RESULTS  AND  DISCUSSION 

Table  1  lists  the  measured  viscosities  for  Reagent  Grade  ter- 


nary  carbonate  eutectic.  Each  value  is  the  average  of  4  -  6  determin¬ 
ations.  Measurements  were  limited  to  -  650°C  as  the  lower  limit 
so  as  to  stay  well  above  the  cut-off  of  600°C  ( see  .earlier ) .  The 
correlation  from  this  data  set,  is: 

visc(mPa-s)  =  0.10120  exp( 33400/RT ) 

where  R  =  8.3143  J  K'^mol'^.  Use  of  this  for  extrapolations  down 
to  500°C,  and  lower  receives  firm  support  from  the  linearity  of  the 
(logivisc)  -  T~*  |  criterion. 

in  Fig. 5,  these  results  are  compared  with  the  measurements  report¬ 
ed  earlier  by  Janz  and  Saegusa(ll).  The  confidence  level  in  the  pres¬ 
ent  work  is  high.  The  problem,  thus,  is  to  understand  the  factors  in 
the  earlier  work  that  led  to  such  markedly  lower  values. 

In  the  earlier  work,  melt  densities  (in  the  calculations)  were 
estimated  from  single  salts  data  and  theoretical  principles.  In  the 
present  work,  measured  values!  12)  were  used.  The  estimated  densities 
would  lead  to  viscosities  =  10%  lower  than  the  correct  values. 

A  "voids  effect"  as  a  possible  error  source  suggests  itself  dir¬ 
ectly  from  a  result  found  in  the  present  study,  namely  the  need  for 
the  "vented  cap"  for  measurements  with  the  carbonate  eutectic.  The 
adherence  of  the  gases  on  the  interior  crucible  walls  las  a  firmly 
adsorbed  gaseous  film)  would  lead  to  a  "voids  effect" . Since  a  radius 
larger  than  the  actual  radius  of  the  melt  is  now  being  "input"  into 
the  working  equations,  the  calculated  viscosities  would  be  smaller 
than  the  true  viscosities.  Modelling  calculations  (based  on  the  par¬ 
ameters  of  the  viscometer  in  the  present  work)  show  that  for  voids 
equivalent  melt  radius  decrease  of  =  20%,  the  calculated  viscosi¬ 
ties  would  be  -  65%  lower  than  the  true  (correct)  values. 

Additional  factors  as  possible  error  sources  could  be  listed,  but 
the  magnitudes  cannot  be  estimated  quantitatively  and  further  discus¬ 
sion  is  deferred  accordingly.  From  the  preceding  considerations,  it 
appears  that  the  disagreement  can  be  resolved  in  large  part  through 
the  possible  presence  of  a  firmly  adsorbed  gaseous  film  on  the  inner 
crucible  surface,  and  that  this  "voids  effect"  undoubtedly  escaped 
detection  in  the  earlier  study. 

As  stated  earlier  in  the  communication,  measurements  were  extend¬ 
ed  to  eutectics  from  commercial  grade  quality  carbonate  salts  (over- 
-.11  purity:  98.4%,  based  on  carbonate  content).  Without  the  CO,; 
equilibration  of  these  (  see:  melt  treatment),  meaningful  measureme¬ 
nts  were  not  possible.  After  these  were  CO^  equilibrated,  the 
viscosities  were  virtually  the  same  as  the  values  found  for  the 
Reagent  Grade  ternary  carbonate  eutectic  herewith  (Table  1). 
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Fig. 3.  Comparisons  Of  NaCl 
Measurements 


Shown:  curve  1,(6 ,8);  curve 
2,(7);  curve  3,  this  work; 
curve  u  (inset |,  predicted 
(9). 
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ABSTRACT 


Sound  propagation  in  the  molten  alkali  nitrate  single  salts. LiN03,  NaNO.1, 
RbN03  and  CsNOSand  the  binary  melts, NaN03“LiN03,  -RbN03  and  -CsN03  ,  have 
been  studied  over  the  frequency  range  of  5~25  Mh z  and  3-8  CH?  by  means  of 
pulse  and  Brillouin  scattering  methods,  respectively.  A  dispersion  of  sound 
propagation  is  observed  at  the  frequency  between  ultra-  and  hyper-sound 
region  for  KN03,  RbN03  and  CsN03.  The  thermodynamic  properties  derived  from 
the  sound  velocity  are  approximately  additive  for  the  binary  melts 
investigated.  The  bulk  viscosity,  l  e  was  derived  from  the 

absorption  coefficient  determined.  The  value  o f  d  v  b  /dT  is  negative  and 

temperature  dependence  o  f  n  „  /  s  js  insignificant  for  the  molten 
alkali  nitrate  single  salts.  The  bulk  viscosity  of  the  binary  melt 
decreases  rapidly  with  the  addition  of  the  component  having  smaller  bulk 
v iscos  i  ty  in  pure  sa 1 1. 


INTRODUCTION 

Molten  alkali  nitrate  mixtures  have  been  considered  as  one  of  the 
most  promising  candidates  for  a  heat  storage  medium  at  high  temperatures 
because  of  its  wide  temperature  range  of  chemical  stability.  However,  the 
structure  of  molten  alkali  nitrate  is  not  as  simple  as  a  typical  ionic 

melt  such  as  an  alkali  halide  because  of  the  existence  of  asociated 

species.  Sonic  spectroscopy  is  one  of  the  most  effective  methods  of 

detecting  the  existence  of  associated  species  which  cause  the  structural 

relaxation  in  sound  propagation.  In  the  present  study,  sound  velocities  in 
the  molten  alkali  nitrate  single  salts,  LiNOi  ,  NaN03  ,  KNO.  ,  RbNCh  and 
CsNOj  and  binary  salts,  NaN03  -LiNOi  ,  NaN03  -RbN03  ,  NaN03  -CsNOj  have 
been  measured  over  the  frequency  ranges  of  5-25MHz  and  3-8CHz  by  means 
of  pulse  and  Brillouin  scattering  methods,  respectively.  Ultrasonic  and 
hypersonic  velocities  measured  are  compared  with  each  other  to  elucidate 

the  relaxation  process  of  sound  propagation  in  the  melts.  Ultrasonic 

absorption  coefficients  have  been  measured  to  determine  the  bulk 
viscosities  for  the  binary  melts.  Relaxation  times  have  been  derived  from  the 
hypersonic  and  ultrasonic  velocities  and  bulk  viscosity  on  the  basis  of 
a  relaxation  theory  with  a  single  relaxation  Lime.  Thermodynamic 

properties  such  as  adiabatic  compressibility  ,  constant  pressure  heat 
capacity,  isothermal  compressibility  and  internal  pressure  were  obtained. 


EXPERIMENTAL 

ULTRASONIC  SPECTROSCOPY 

The  propagation  velocity  of  ultrasound  in  molten  alkali  nitrate  has  been 
measured  by  the  use  of  a  pulse  method  Details  of  the  pulse  method  was 

described  elsewhere' 1 ’.  The  sound  pulses  p  iezoe  lec r  ica  1 1  y  generated  by  a 
X-cut  quartz  crystal  are  introduced  into  the  melts  through  a  lower  conduction 
rod  made  of  fused  quartz.  The  sound  pulses  propagated  through  the  melt 
are  received  by  an  upper  conduction  rod  made  of  fused  quartz  and  is 
transduced  into  electrical  signals  by  a  quartz  crystal  attached  to  the 
end  of  the  upper  conduction  rod.  The  sound  velocity  and  absorption 
coefficient  are  determined  from  the  measured  delay  time  and  the  amplitude 
change  accompanying  the  displacement  of  the  spacing  between  the  upper  and 
lower  conduction  rods.  The  measurement  was  carried  out  over  the 
temperatures  ranging  from  the  melting  point  of  the  salt  to  about  150K 
above  it.  The  maximum  of  the  error  is  estimated  to  be  less  than  0.2% 
for  the  sound  velocity  and  3%  for  the  absorption  coefficient  determination. 

BRILLOUIN  SCATTERING  METHOD 

As  predicted  by  Brillouin,  the  light  scattered  by  a  homogeneous  liquid 
consists  of  a  central  Rayleigh  line  with  the  same  frequency  as  that  of  a 

exciting  light,  and  a  doublet  of  which  the  components  are  shifted  in 
frequency  symmetrically  from  the  frequency  of  the  exciting  light.  The 
latter  is  induced  by  the  collision  of  a  photon  and  a  phonon  in  the 
liquid  under  thermal  equilibrium.  The  frequency  shift  Av  between  the 

Brillouin  peak  is  expressed  as  follows: 

A  v  =  t  2  v  ,  n  (V.  /c )  s  i n  6  (1) 

where  v  ,  is  the  frequency  of  the  exciting  light,  n  is  the  refractive 
index  of  the  liquid,  V,  and  c  are  the  velocities  of  sound  wave  and  light 
respectively,  and  9  is  the  scattering  angle.  The  frequency  shift  is  also 

equal  to  the  frequency  of  sound  wave  which  induces  the  light  scattering.  The 
sound  velocity  can  be  obtained  from  the  frequency  shift  and  the  scattering 
angle. 

A  schematic  diagram  of  the  experimental  apparatus  used  for  the 

measurement  of  Brillouin  scattering  is  shown  in  Fig. 1.  The  system  is 
composed  of  a  light  source,  a  high  temperature  cell,  and  a  Fabry-Perot 
interferometer.  The  light  from  the  He-Ne  gas  laser  is  modulated  to  225Hz 
by  the  use  of  an  optical  chopper.  The  modulated  light  is  then  focused 
upon  the  cell  placed  in  an  electric  furnace.  The  light  scattered  at  an 
angle  of  0  is  focused  on  a  pin  hole  with  a  collecting  lens  and  is 

collimated  with  a  lens.  The  light  passed  through  the  interferometer  is 

focussed  and  is  changed  into  electrical  signals  with  a  photomultiplier. 
Reagent  grade  alkali  nitrate  is  dried  at  393K  for  24  h  in  vacuo,  melted 
in  argon  atmosphere  and  filterd  through  a  sintered  Pyrex  glass  disk 
to  remove  small  suspended  inclusions.  The  filtrate  is  poured  into  a 
cylindrical  cell  made  of  Pyrex  glass  and  the  cell  is  sealed  under  vacuo. 
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RESULTS  AND  DISCUSSION 


SOUND  VELOCITY  AND  ABSORPTION  OK  ALKALI  NITRATE  SINGLE  SALTS 

Frequency  shifts  of  Brillouin  peaks  for  molten  alkali  nitriles  were 
measured  over  the  temperature  range  of  their  melting  points  to  82QK  at 

scattering  angles  of  45,  90  and  1 3S  deg.  The  velocity  of  hypersound  was 

determined  from  the  observed  frequency  shifts  in  the  sound  frequency  ranges 
of  7*8  GHz  for  LiNOj  ,  2-7  GHz  for  NaNOj  ,  and  3-8  GHz  for  CsNOj  .  In 

these  frequency  ranges  sound  velocity  appears  to  be  independent  of 

frequency. 

Ultrasonic  velocity  were  measured  in  the  frequency  range  of  5~25  MHz 
for  LiNOj  ,  NaNOi  and  KN Oj  ,  and  5-15  MHz  for  RbNOj  and  CsNOj  .  The  ultra¬ 
sonic  velocity  does  not  exhibit  frequency  dependence  for  these  salts. 

The  ultrasonic  and  hypersonic  velocities  obtained  were  plotted  against 
temperature  and  are  shown  in  Fig. 2.  It  can  be  seen  from  Fig.  2  that  both 

ultrasonic  and  hypersonic  velocities  monotonously  decrease  with  increasing 
temperature.  However,  in  case  of  ultrasonic  velocity  a  curve  linear 

relation  is  found  for  all  the  single  salts  investigated.  As  shown  in  Fig. 2 
both  ultrasonic  and  hypersonic  velocities  decrease  with  increasing 
cation-size  except  for  LiNOj  .  When  the  hypersonic  and  ultrasonic 

velocities  are  compared  with  each  other  for  each  alkali  nitrate  .both 
velocities  agree  well  within  the  limit  of  the  experimental  error  for  molten 
LiNOj  and  NaNOj  .  On  the  contrary,  the  difference  between  hypersonic  and 
ultrasonic  velocities  clearly  exceeds  the  limit  of  the  experimental  error 
for  KNOj  ,  RbNOj  and  CsNOa  .  The  observed  dispersion  of  the  sound 

propagation  indicates  that  the  relaxation  frequency  of  KNOj  ,  RbNOj  and 
CsNOj  are  more  than  the  highest  of  the  ultrasonic  measurement  and  less 
than  the  lowest  frquency  of  the  Brillouin  scattering  measurement.  The 
relaxation  frequencies  of  l. i NO j  and  NaNOj  are  more  than  the  highest 

frequency  of  the  Brillouin  scattering  measurement.  Relaxation  behavior  of 
the  single  salt  will  be  examined  in  detail  later  in  this  section. 

The  absorption  coe f f  ic  ien t,  a  of  the  ultrasound  was  determined  over 
the  frequency  range  of  5-25  MHz  for  molten  alkali  nitrate  single  salts.  The 
ratio  of  the  absorption  coefficient  to  the  square  of  the  frequency,  f  are 
plotted  against  temperature  and  shown  in  Fig.  3.  The  value  of  a/f? 

decreases  monotonously  with  increasing  temperature.  The  bulk  viscosity  was 

determined  from  the  absorption  coefficient  measured  by  the  use  of  the 
fo I  lowing  equat  ion, 

V  B  =  4  .  ((  a  .  /  a  .  )  -  l)/3  (2) 

where  q  .  is  the  shear  viscosity,  is  the  observed  absorption 

coefficient  and  a,  is  the  absorption  coefficient  due  to  shear  viscosity 

expressed  by  Eq.  (3). 


=  8  x  '  7  .  /3  p  v’  (3) 
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where  f  is  the  frequency,  p  ,  the  density,  v,  the  velocity  of  ultrasound. 

As  shown  in  Fig.  4  showing  the  temperature  dependence  of  the  bulk  viscosity, 
the  bulk  viscosity  decreases  with  increasing  temperature  and  cation-size  for 
alkali  nitrates.  Figure  5  shows  the  temperature  dependence  of  the  ratio  of 
7  8  /  7  .  .  The  values  of  /  >1,  are  approximately  constant  with 

temperature  change  for  LiNO$  and  NaN03.  Even  in  maximum  case  of  KNOi  the 
change  of  the  value  is  less  than  15  %  with  the  temperature  change  of  150  K. 
As  the  origin  of  the  bulk  viscosity  in  the  molten  alkali  nitrates 
thermal  relaxation  and  structural  relaxation  are  possible.  The  former 
arises  from  the  slow  interchange  of  energy  between  the  external  and 

internal  degrees  of  freedom  and  is  typical  for  nonassoc  i  a  ted  liquids.  On 

the  other  hand,  the  latter  is  the  case  for  the  associated  liquids  which  has 
structural  order  due  to  strong  in termo lecu 1  a r  bonding.  According  to  the 
classification  of  Higgs  and  Litovitz'*’  in  the  associated  liquid  dn«  /d  1 
is  negative,  and  7  a  /  7  «  is  app  rox  ima  te  1  y  constant  with  temperature  and 

rarely  has  a  value  above  5.  As  described  above,  negative  d 7  B/dT  and 

constancy  of  *?B  /  7.  with  temperature  observed  in  this  study  suggest 
that  the  bulk  viscosity  of  the  alkali  nitrate  originates  in  the 
structural  relaxation  and  the  molten  alkali  nitrate  appears  to  be  an 
associated  liquid.  However,  it  should  be  noted  that  the  values  of  7b  /  7* 
of  KNOj  ,  RbNOi  and  CsNOi  exceed  by  far  3.5  which  is  the  maximum  for  the 
hydrogen  bonded  associated  liquids.  This  fact  suggests  that  the  long  range 
coulombic  interaction  among  the  constituent  ions  in  the  molten  alkali  nitrates 
causes  the  structural  relaxation  more  than  the  hydrogen  bond  does. 

Since  the  dispersion  of  sound  propagation  was  observed  in  the  alkali 
nitrates,  detailed  cons  idera t ion  has  been  given  to  the  relaxation  behavior 
under  the  assumption  that  relaxation  with  a  single  relaxation  time,  which 
has  been  successfully  applied  to  some  molten  salts  by  Knape  and  Toreil‘,> 
can  also  be  applied  to  the  present  results.  On  the  assumption  that 
relaxation  has  a  single  relaxation  time  t,  an  equation  for  a  static 

oulk  viscosity  7B  has  been  der  ived  by  Mon  t  rose  e  t  a 

7  e  =  P  (Vi  -  VJ)  T  (4) 

where  p  is  the  density  of  the  medium,  and  w0  are  sound  velocities  at  the 
limiting  high  and  low  frequencies  respectively.  The  relaxation  time  was 
calculated  from  the  ultrasonic  velocity  for  vc  ,  the  ultrasonic  bulk 
viscosity  for  7b  and  hypersonic  velocity  for  v^,  .  The  relaxation  times 

determined  at  700  K  are  listed  in  Table  1.  The  relaxation  time  increases 

with  increasing  cation-size  in  accord  with  the  behavior  of  bulk  viscosity 

with  cation-size. 

SOUND  VELOCITY  AND  ABSORPTION  IN  ALKALI  NITRATE  BINARY  MELTS 

Sound  velocity  of  NaNOj  — LiNOi  ,  -RbNOi  and  -CsNO>  binary  melts  have 
been  measured  over  the  frequency  range  of  5~25  MHz  by  means  of  the  pulse 

method.  Figure  6  shows  the  composition  dependence  of  the  adiabatic 

compressibility  at  650  K  and  600  K  for  NaNOi  -RbNOi  binary  melts.  In  Fig. 6, 
thin  solid  line  represents  the  adiabatic  compressibility  calculated  on  the 
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basts  of  the  volume  additivity.  The  observed  ccompress ib i i i ty  deviates 
positively  from  the  additive  line.  But  the  extent  of  the  deviation  is  as 
small  as  2  %  even  at  the  maximum.  The  composition  dependence  of  such 
thermodynamic  properties  as  isothermal  compressibility,  constant  pressure 
heat  capacity  and  internal  pressure  have  been  examined,  and  it  has  been 
found  that  these  thermodynamic  properties  of  the  alkali  nitrate  mixtures 
do  not  deviate  much  from  the  values  calculated  on  the  basis  of  the  additive 
rule. 

On  the  contrary  to  the  thermodynamic  properties,  the  bulk  viscosities  of 
NaNOj  — LiNOj  ,-RbNOj  .and  -CsNOj  binary  melts  deviate  from  the  linear 
additivity  as  clearly  shown  in  Fig. 7  showing  the  relation  between  the  bulk 
viscosity  and  composition.  As  shown  in  Fig. 7,  the  hulk  viscosities  of 

NaNOj  -CsNOi  and  NaNOj  “RbNOi  binary  melts  decrease  rapidly  with  increasing 
NaNOj  content  upto  20  mol%NaN03  .  Further  addition  of  NaNOj  decreases  the 
bulk  viscosity  slightly.  As  for  NaNOj  "LiNOj  binary  melts,  bulk  viscosity 
decreases  .monotonously  with  increasing  LiNOj  content.  Since  the  difference 
between  the  bulk  viscosities  of  NaNOj  and  LiNQ3  is  small,  a  change  in  the 
bulk  viscosity  with  composition  is  slight.  However,  the  same  composition 
dependence  of  the  bulk  viscosity  as  that  of  NaNOj  -RbNOi  and  NaNOj  “CsNOj 
can  be  seen,  i. e. ,  the  bulk  viscosity  of  the  binary  melt  decreases  rapidly  to 
approach  that  of  the  pure  additive  on  addition  of  a  component  which  has 
smaller  bulk  viscosity  in  pure  melt.  The  observed  behavior  of  the 
composition  dependence  of  the  bulk  viscosity  may  be  explained  in  terms  of 
relaxation  time  in  the  following  manner.  The  relaxation  of  the  sound 
propagation  in  the  binary  melts  seems  to  be  structural  one  in  analogy  with 
the  relaxation  process  of  the  pure  component  melts.  The  relaxation  time  of 
the  binary  melts  may  be  controlled  by  the  motion  of  the  constituent  having 
shorter  relaxation  time  in  pure  component  melt  because  the  relaxation  time 
is  related  to  the  time  in  which  rearrangement  of  the  constituent  particles 
occur  upon  the  passage  of  sound  wave.  Therefore,  the  viscosity  of  the  binary 
melts  decreases  rapidly  with  the  addition  of  the  component  having  smaller 
bulk  viscosity  in  the  pure  melt  and  approach  the  value  of  the  pure  melt 
of  the  additive. 
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Scattering  angle 


Fig.  1  Experimental  arrangement  for  Brillou in  scattering 
measurement . 


Figure  2  Temperature  Dependence  of  til  trason  ic  and  Hypersonic 
Velocities  for  Molten  Alkali  Nitrate  Single  Salts. 
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Tempera  lure  I  K 


Figure  3  Temperature  Dependence  of  Absorption  in 
Molten  Alkali  Nitrate  Single  Salts. 


TcH’P^ralure  /  K 

Figure  4  Temperature  Dependence  of  Bulk  Visrosit 
for  Molten  Alkali  Nitrate  Single  Salts 
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ABSTRACT 

Cryoscopy,  ultrasonic  and  dielectric  meosumnents 
on  Electrolyte- Am  ido  binary  systems  show  that  at 
an  amide  mole  fraction  of  about  0 . x  complex  stru- 
ctures  are  built.  These  structures  are  responsible 
for  high  values  of  dielectric  constant. 

INTRODUCTION 

Binary  mixtures  of  salts  and  organic  compounds  represent  an 
intermediate  situation  between  a  typical  ionic  melt,  where  the 
interaction  is  prevalently  electrostatic  and  a  molecular  melt, 
where  the  interaction  is  Van  der  Waals,  hydrogen  bond  or  di¬ 
pole-dipole.  The  systems  we  are  studying  I  am  ides+sa  It )  are  re¬ 
lated  to  these  problems  and  are  of  great  interest  because  the 
interactions  yield  remarkably  complex  structures  in  a  concen¬ 
tration  and  temperature  range  around  the  eutectic  point,  figu¬ 
re  l . 


RESULTS  AND  DISCUSSION 

Cr yoscopy  ( 1-9)  :  salts  derived  from  strong  acids  mixed  with 
ami<ics  give  highly  viscous  liquids  that  supercool  easily 
in  ;•  he  eutectic  zone. 

In  some  cases  I  principally  with  Na  ion)  the  liquid  su¬ 
percools  spontaneously  and  reaches  the  glass  transition  tem¬ 
perature  ;  in  other  cases  I  w  ith  other  ions  I  the  liquid  super¬ 
cools  but  can  also  crystallize;  and  sometimes  the  crystal¬ 
lization  temperature  depends  on  the  cooling  rate1  as  wo!  I  as 
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on  the  thermal  histor  y  of  the  liquid  ( 3) . 

V iscoelastic ity  (10-12)  :  Some  of  these  mixtures  have  t>een  stu¬ 
died  with  ultrasonic  techniques.  Using  shear  waves  and  the 
method  of  reduced  variables,  the  viscoelastic  relaxation  spec¬ 
trum  has  been  determined  for  the  mixtures  NaONS-Acetam  i de 

(X.  =0.225)  and  LiNO.-Acetam  ide  (X  =0.2041.  In  both 

,  i  NacN>  ,  r  3  ,  ,  .  ,  „  L  iNCK 

the  spectra  a  shift  towards  high  frequencies  in  comparison 
with  the  Maxwell  model  has  been  observed;  the  shift  is  more 
accentuated  in  the  system  with  NaCN>.  The  shift  indicates  the 
presence1  of  retardation  phenomena,  whose  nature  is  probably 
related  to  the  formation  of  pol>  mer  ic  structures  in  these  li¬ 
quids,  as  the  high  values  of  viscosity  (10>  also  allow  us  to 
hypothesize.  Mathematical  analysis  of  the  results  indicates 
that,  the  polymeric  structures  are  larger  in  the  Nav?\>  mix¬ 
ture  (12);  figure1  2  shows  that  in  the  NaCNS  mixture  the  shift 
is  half  a  decade,  in  the  L  i  N  0_  mixture  the  shift  is  IS  of  a 
vlecadc.  That  is,  i  n  the  NaCNiS3  mixture  20-40 ^  of  the  \  isco- 
sity,  and  in  the1  LiNO^  system  02~  of  the  viscosity  is  involved 
in  the  viscoelastic  process;  tfu1  remaining  part  is  involved  in 
retardation  phenomena. 

Ultrasonic  spectrum  (11-13)  :  Analysis  of'  the  ultrasonic  rela¬ 
xation  spectra  shows  that: 

1)  in  the  system  with  Na  structural  as  wed  I  as  chemical  v- 
quilibria  are  present. 

2)  in  the  systems  with  ti  and  K  only  chemical  equilibria 
are  evident. 

It  is  significant  that  the  structural  process  in  the1  Na0N> 
system  is  present  in  the  ultrasonic  range*  while  in  manv  li¬ 
quids  it  occurs  in  a  higher  frequency  range;  this  fact  may 
be  related  to  the  presence  of  polymeric  structures  which  are 
larger  in  comparison  to  other  mixtures. 

The  chemical  process  disturbs  both  structural  and  viscoe¬ 
lastic  processes  and  may  be  ascribed  to  the  rotation  of  polar 
groups  (C0NH,})  as  also  observed  with  dielectric  methods. 

»  iyure  3  shows  the  trend  of  the  reduced  imaginary  part 
of  the  complex  longitudinal  modulus  for'  the  NaCN>  mixture. 

In  the  other  mixtures  a  reduced  plot  was  not  obtained. 

(  n  /n  )=2/3  for  the  NaCNS  mixture  in  all  temperature  ran- 
v  s 

ges  investigated  (structural  process  I ;  <  n  /n  '  depends  on 

temperature  ,  for  the  other  mixtures  (chemical  process  I ,  ta¬ 
ble  1 . 


Pieloctric  relaxation  (14)  :  The  mixture  NaONS-Acetam  i de 
-0.225 )  has  also  boon  in  vest  i  gated  us  in  g  the  dielectric  relaxa¬ 
tion  technique.  Two  relaxation  phenomena  have  been  found. 

The  rad  infrequent:  y  phenomenon  may  be  ascribed  to  the  ro¬ 
tation  of  polar  groups,  the  low  frequency  phenomenon  (whose 
relaxation  time  is  of  the  order  of  a  second)  is  probably  due 
to  ionic  migration,  cooperative  in  nature,  that  is  justified  by 
the  poly  met  ic  nature  of  this  mixture.  The  cooperative  motion 
of  ions  may  explain  the  high  value  of  the  dielectric  constant 

( 'v  10h  ) . 

CONCLUSIONS 

As  a  result  of  this  research,  we  believe  that  three  important 
points  can  be  made: 

1)  Experimental  evidence  indicates  that  the  salt-amide  mixture 
may  build  polymeric  structures  in  the  eutectic  zone. 

2)  The  stability  of  these  structures  and  their  size  do  not  only 
depend  on  the  polarizing  power  of  the  ions.  The  alkali  salts 
studied  w  ith  ultrasonic  technique  exhibit  the  follow  inq  order: 

N a 0 NS  -  L.NO,  >  KCNS. 

3)  These  structures  promote  cooperative  motion  of  the  ions 
that  is  the  cause  of  the  mega  value  of  the  dielectric  constant. 

Table  I.  Ratio  n  '  n  at  different  temperatures 


Salt  T,  K  <  n  /  n  ) 

V  s 

KCNS  300.2  0.1b 

304.1  0.6b 

30*. 3  0.00 

LiNO^  *  2S3.2  IS. 40 

20>.2  1.7 l 

.V'..}  1.27 
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1.  Schematic  trend  of  Liquid— Solid  equilibrium  curve 
in  binar>  systems  E  lectrol \te-Am  ido.  Supercooling 
p!ie  nomen  a  occur  in  the*  dashed  lines.  T  lie  arrows 
indicate  the  increasing  structural  complexity  of 
the  m  i  xture. 
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ABSTRACT 

The  first  measurement  in  Space  of  a  Soret  effect  with  an 
Agl/KI  molten  mixture  is  discussed  as  a  new  method  of 
evaluating  transport  properties  of  molten  salts  without  the 
perturbations  of  convection.  The  possibilities  and 
requirements  for  this  Space  experiment  are  analyzed 
theoretically  and  experimentally,  and  new  results  are  given 
dealing  with  wetting,  interfacial  properties  of  molten 
salts,  and  variations  of  the  thermoelectric  power  with 
time.  In  each  case,  the  comparison  is  made  between  the 
behavior  of  the  molten  salt  on  Earth  and  in  Space,  and  the 
conditions  for  the  theoretical  convective  stability  are 
given.  As  a  conclusion,  the  authors  show  that  the 
in tet di f fusion  coefficient  in  Space  is  significantly 
smaller  than  measured  on  Earth.  This  confirms  some  recent 
other  Space  diffusion  experiments  on  liquid  metals.  It 
also  confirms  that  the  Soret  coefficient  corresponds  to  Agl 
migrating  towards  the  cold  end  of  the  cell. 

I.  INTRODUCTION 

The  study  of  the  liquid  transport  proper t ies - -elec t r i cal 
conductivity,  diffusion,  viscosity  and  thermal  di f f usion--should 
improve  our  understanding  of  the  physical  and  chemical  phenomena  from 
a  thermodynamic  and  dynamic  point  of  view.  In  the  case  of  ionic 
molten  salts,  the  problem  is  simplified  because  of  the  absence  of  the 
usual  dipolar  solvent  and  because  of  the  relative  simplicity  of  these 
compounds.  When  a  temperature  gradient  is  applied  throughout  a 
binary  mixture,  a  diffusion  phenomenon  appears,  which  leads  to  the 
partial  separation  of  the  constituents;  this  effect  is  called  thermal 
diffusion  or  Soret  effect.  The  separation  created  by  the  thermal 
diffusion  expressed  with  a  coefficient  D'  is  limited  by  a  back- 
diffusion  with  a  coefficient  D.  An  equilibrium  state  is  reached  in 
the  system  and  is  characterized  by  the  Soret  coefficient  ST  -  D'/D, 
which  will  be  considered  positive  when  the  "heaviest"  component 
migrates  towards  the  cold  side. 


The  Soret  effect  was  intensely  studied  for  molten  salts  in  the 
sixties,  either  by  direct  analysis  or  by  thermoelectric  power 
measurements,  see,  for  example,  references  (1)  to  (8).  After  1970, 
most  of  these  investigators  left  these  studies  for  two  reasons: 
first,  they  encountered  theoretical  difficulties  interpreting  their 
results;  the  problem  was  complex  compared  to  the  theoretical 
knowledge  of  the  processes  involved.  Second,  a  great  dispersion  in 
the  experimental  results  was  generally  obtained  and  attributed  to 
convective  disturbances  (3),  which  could  not  be  controlled  and 
impeded  further  experimentation.  Since  this  time,  numerous 
computations,  for  instance  molecular  dynamics  simulations,  have  been 
performed,  thus  offering  a  renewal  of  the  interpretation 
possibilities.  An  important  improvement  for  performing  scientific 
experiments  in  new  conditions  has  been  offered  by  the  multiplication 
of  Space  flights.  This  led  to  a  new  development  of  the  transport 
properties  studies  in  the  liquids  because  the  microgravity  conditions 
allow  one  to  assume  complete  disappearance  of  convection.  However, 
the  flight  conditions  only  diminished  quite  notably  the  gravity 
levels,  but  did  not  annul  them.  It  was  then  necessary  to  develop  new 
kinds  of  calculations  in  order  to  know  the  influence  of  such  reduced 
gravity  levels. 

In  the  case  of  molten  salts,  it  is  impossible  to  measure  a  Soret 
effect  in  normal  gravity  conditions  (9).  In  a  perfectly  vertical 
situation,  which  should  be  the  best  situation,  an  equilibrium  state 
is  reached,  which  could  be  destabilized  if  the  parameters  of  the 
system  exceed  the  critical  values  corresponding  to  the  onset  of  the 
instabilities.  During  an  Earth  experiment,  the  parameters  correspond 
to  the  unstable  domain  where  a  convective  motion  is  generated,  except 
in  the  case  of  top  heating  with  a  positive  Soret  coefficient,  which 
is  an  unconditionally  stable  situation.  In  fact,  the  perfectly 
vertical  situation  is  impossible  to  obtain  and  small  experimental 
imperfections  cannot  be  avoided.  In  the  case  of  top  heating  and  a 
positive  ST,  small  departures  from  verticality  will  generate 
convective  motions  strongly  perturbative  if  ST  is  small.  In 
addition,  the  thermal  boundary  conditions  can  create  radial  thermal 
gradients  that  will  also  generate  convective  perturbations.  The 
complete  numerical  study  (9)  that  we  performed  has  permitted  us  to 
explain  those  problems  encountered  by  experimenters,  as  mentioned 
above.  Whatever  the  situation  on  Earth,  the  separation  created  by 
the  thermal  diffusion  is  always  reduced,  compared  to  the  perfect  one 
mentioned  above,  which  only  takes  in  account  diffusive  phenomena. 

This  led  us  to  perform  our  experiment  on  a  molten  Agl/KI  mixture 
during  the  Sl-Spacelab  flight  of  October  1985  and  also  to  control  the 
convection  effects  in  such  a  microgtavity  environment  by  simultaneous 
numerical  simulations. 
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2.  DEFINITION  OF  THE  SPATIAL  EXPERIMENT 
2.1  Important  Experimental  Parameters 

As  has  been  seen  above,  the  main  problems  encountered  when 
measuring  processes  related  to  the  diffusion  in  liquids  are  those 
coming  from  usual  convection.  However,  this  is  not  the  only  cause, 
and  perturbations  can  be  generated  for  at  least  two  more  reasons: 

1.  The  surfaces,  which  are  necessary  because  the  experimental 
cell  cannot  have  infinite  dimensions,  thus,  in  addition  to 
the  volume  convection,  a  surface  convection  must  be 
considered . 

2.  The  free  volumes  existing  inside  the  cell  create  bubbles, 
which  will  involve  a  continuous  remixing  of  the  molten 
mixture  since  their  mobility  could  be  much  larger  than  that 
of  the  diffusion  species.  A  supplementary  surface  effect 
can  be  added  to  the  bubbles  if  they  exist  (Marangoni 
effect).  The  eviction  of  the  free  volumes  is  one  of  the 
most  difficult  problems  that  we  had  to  solve,  but  we  were 
helped  by  the  salt  expansion  upon  melting;  all  the  excess 
volume  could  be  absorbed  by  a  porous  material  during  the 
melting  operation,  if  the  material  wetting  and  interfacial 
properties  are  known. 

These  first  studies  were  performed  during  1976-78  by  Mellon  (10), 
who  defined  the  best  conditions  necessary  for  a  successful  Space 
experiment.  He  then  calculated  theoretically  the  isotherm  surface 
tension  for  several  molten  mixtures  with  a  model  which  had  been 
successfully  applied  to  binary  and  ternary  metallic  systems.  In  this 
model,  the  surfa  e  parameters  are  analogous  to  those  of  regular 
solutions  proposed  by  Guggenheim  (11)  and  by  Defay  and  Prigogine  (12) 
(quasi-structure  of  the  liquid  phase  with  no  long  distance 
interaction  and  separation  of  the  degrees  of  freedom).  Then  the 
volumetric  phase  is  related  to  the  thermodynamic  properties  and  the 
surface  tensions  when  the  physicochemical  equilibrium  is  reached.  It 
is  concluded  that,  in  contrast  to  liquid  metals,  the  simple 
statistical  model  is  not  sufficient  to  explain  the  deviation  from 
ideality  observed  for  the  surface  tension  measurements  in  molten  salt 
mixtures.  This  study  was  then  followed  by  calculations  of  the 
contact  angles  and  shapes  of  the  equilibrium  meniscus  as  a  function 
of  the  gravity  values.  Experimental  1-g  determinations  of  the 
wetting  properties  (contact  angles  and  surface  tensions)  of  a  molten 
Agl/KI  mixture  were  also  made  by  Mellon;  he  concluded  that  such  an 
equimolar  mixture  wets  imperfectly  all  materials  with  various  contact 
angles  (40° <O<90° ) .  The  evolution  with  temperature  is  slight,  but 
usual.  Ue  are  now  able  to  state  that  no  fundamental  change  of  these 
values  appears  under  microgravity  conditions. 
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2.2  Choice  of  the  Experiment 


The  Space  experiment  consists  of  the  measurement  of  the 
separation  coefficient  in  a  molten  Agl0  15KI0  25  submitted  to  a 
strong  temperature  gradient.  The  choice  of  the  type  of  molten  salt 
has  been  discussed  earlier  (13,  14).  Let  us  only  mention  that  this 
salt  has  valuable  characteristics  from  the  thermal  point  of  view 
(small  thermal  diffusivity  compared  to  that  of  a  liquid  metal),  as 
well  as  from  the  electrical  point  of  view  (very  good  ionic 
conductor).  This  led  to  a  theoretical  study  for  which  we  obtained  a 
decoupling  between  the  mass  flux  and  the  heat  flux  (9),  and  for  which 
the  microgravity  will  be  of  great  interest,  thus  permitting  the  mass 
transfer  created  by  the  temperature  gradient.  Another  reason  for 
using  this  salt  involves  the  method  which  can  be  used  for  the 
detection  of  the  diffusion  phenomenon  in  real  time;  the  measurement 
of  thermoelectric  power.  This  type  of  measurement  is  greatly 
facilitated  by  using  a  silver  salt,  which  allows  the  use  of  silver 
electrodes  without  being  impeded  by  Space  charge  capacitance  effects 
induced  by  blocking  electrodes.  The  mixture  composition  (eutectic) 
has  been  determined  while  taking  into  account  the  minimum  electrical 
power  requirements  (melting  point  260°)  as  well  as  the  probable 
maximum  separation  effect  (related  to  the  interdiffusion 
coefficient).  In  Figure  1,  we  give  the  most  recent  Agl/KI  phase 
diagram  obtained  by  Claudy  and  Letoffe  (15),  which  is  slightly 
different  from  others  given  in  the  literature,  especially  around  the 
eutectic  area. 

The  choice  of  the  experimental  cell  takes  into  account  the 
various  problems,  which  are: 

no  free  volume  (100%  cell  filling) 

-  electrically  insulated  cell  with  the  possibility  of  measuring 
the  thermopotential  with  silver  electrodes 

-  chemical  inertia  and  tightness  at  all  temperatures 

maximum  temperature  gradient  obtained  by  the  heat  flux  inside 
the  furnace 
flight  security. 

We  chose  to  absorb  the  salt  volume  increase  when  melting  occurs  (10%) 
by  use  of  a  porous  material  cylinder  (special  variety  of  alumina) 
surrounding  the  salt.  The  choice  of  porous  material  was  guided  by 
its  thermal  characteristics,  its  wetting  by  the  liquid,  and  its 
chemical  reactivity.  Some  preliminary  experiments  helped  us  in  the 
choice  of  the  porosity  (18%  volume  and  30  urn  pore  diameter)  (16). 

The  cell  was  made  of  an  impervious  alumina  tube,  this  material  having 
the  best  qualities  for  solving  the  problems  mentioned  above.  For 
flight  security,  we  were  obliged  to  enclose  the  total  cell  inside  a 
stainless  steel  tube.  The  experimental  cell  design  inside  the  Space 
cartridge  is  given  in  Figure  2. 
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The  furnace  used  was  the  Gradient  Heating  Facility  designed  by 
the  C.N.E.S.  for  a  great  number  of  users  and  mounted  inside  the 
Spacelab  Material  Science  Double  Rack.  It  is  composed  of  three 
identical  22  mm  diameter  cartridges.  The  heating  program  has  been 
carefully  calculated  as  well  as  the  thermal  and  geometric 
characteristics  of  the  cartridges  in  order  to  obtain,  in  the  shortest 
time,  a  stable  temperature  gradient  (about  70°C/cm)  combined  with  a 
minimum  electric  consumption  (Space  requirements).  Successive  trials 
on  Earth  combined  with  calculations  gave  a  good  value  for  the  thermal 
coupling  between  the  cell  and  diffusers.  The  thermal  kinetics  curve 
is  given  in  Figure  3,  which  shows  that  the  stable  gradient  is 
obtained  within  less  than  one  hour.  It  can  be  maintained  with  a 
precision  better  than  two  degrees  during  several  hours  of 
experiments.  The  experiment  duration  was  determined  based  on  a 
preliminary  result  of  Mellon  (10),  who  measured  the  self-diffusion 
coefficients  of  the  silver  and  potassium  ions  on  Earth.  He  then 
calculated  the  interdiffusion  coefficient  of  Agl/KI  as  a  function  of 
the  mole  fraction  of  KI  and  different  temperatures.  The  curves  given 
by  Mellon  clearly  show  that  the  interdiffusion  coefficient  is  maximum 
for  the  eutectic  composition  (22%  KI ,  according  to  Claudy  and 
Letoffe).  The  maximum  obtained  D  value  is  about  27. 1 0" 5  cmJ/s.  The 
evolution  of  the  Soret  effect  separation  with  time  can  be 
approximated  to  the  first  order,  by  an  exponential  form.  The  time 
constant  x  of  this  evolution  is  bound  to  L,  length  of  the 
experimental  cell,  and  to  D,  interdif fusion  coefficient: 

L2 


A  quick  calculation  indicates  that  x  approaches  one  hour  when 
L  =  3  cm. 


One  of  the  important  problems  of  Space  experiments  is  the 
experiment  duration,  for  two  reasons.  The  first  comes  from  the 
economics  of  a  Space  flight,  which  encouiages  completing  the  maximum 
number  of  experiments.  The  second  comes  from  the  energy,  which  is 
necessary  for  an  experiment  to  be  undertaken.  Both  the  flight 
organizers,  as  well  as  the  experimenters,  have  to  take  into  account 
these  problems.  According  to  these  requirements,  it  has  not  been 
possible  for  us  to  maintain  isothermal  conditions  during  a  sufficient 
time  for  equilibrium  or  to  use  the  total  cartridge  volume  in  order  to 
complete  two  different  experiments  in  each  of  the  three  cartridges. 
Other  problems  come  from  the  fact  that,  because  the  maximum  number  of 
experiments  must  be  performed  in  a  minimum  volume,  some  perturbations 
can  be  induced  by  other  experiments  working  at  the  same  time.  These 
perturbations  can  come  from  the  vacuum  system,  which  is  common  to 
several  racks,  as  well  as  from  movements  (astronauts  or  experiments) 
inducing  residual  accelerations,  as  well  as  from  astronauts 
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themselves  who  have  to  undertake  considerable  work,  sometimes  when 
being  space-sick,  or  more  simply  missing  some  experiments  despite 
their  long  training  on  Earth  before  the  flight. 

Ue  thus  fixed  our  experiment  duration  to  five  hours,  with  stable 
gradient,  assuming  that  the  stationary  state  is  obtained.  This  adds 
up  to  about  six  hours  with  the  furnace  working,  and  seven  hours  when 
taking  into  account  the  checking  of  the  cartridges  and  the  heating 
program,  plus  the  time  necessary  to  obtain  a  sufficient  vacuum.  Ue 
must  add  that  the  total  experiment  was  automatic  after  the  astronauts 
had  closed  the  furnace  door  (the  heating  program  had  been  prepared  on 
memories,  which  could  not  be  modified  when  running,  except  for  the 
total  break  off  of  the  experiments). 

3.  RESULTS 

3.1  Thermoelectric  Potential  Evolution 


This  first  Soret-effect  Space  experiment  on  a  molter,  salt  was 
fully  successful.  Ue  were  able  to  measure  a  thermoelectric  emf  in 
the  three  closed  impervious  cells  containing  the  molten  salt.  In 
addition,  it  was  decided  during  the  flight  itself  that  another  run 
with  three  cartridges  could  be  performed  at  the  end  of  thejj^srsion, 
when  all  other  experiments  had  been  made.  This  supplementary 
experiment  was  made  with  the  Space  cartridges,  which  had  been  loaded 
on  board  the  Spacelab.  This  second  run  further  confirmed,  with  three 
new  cartridges,  the  possibility  of  measuring  thermoelectric  power 
under  good  conditions  in  Space.  In  fact,  these  two  runs  were 
performed  under  quite  different  conditions:  during  the  first  run, 
there  were  continuous  activations-deactivations  coming  from  other 
experiments,  thus  creating  vacuum  problems  involving  temperature 
variations.  On  the  other  hand,  the  second  run  was  made  during  very 
quiet  conditions,  with  no  resulting  temperature  problems.  In  each 
experiment,  we  used  two  sizes  of  porous  tubes: 

small  salt  diameter:  inside  3  mm,  outside  7  mm 
(2  mm  thickness) 

large  salt  diameter;  inside  3  mm,  outside  7  mm 
(1  mm  thickness) 

These  two  different  geometries  should  permit  us  tc  vary  the 
convective  stability  conditions. 

Figure  4-a  gives  the  thermoelectric  signal  obtained  on  Earth 
(vertical  cell),  and  Figuie  4-b  the  signal  obtained  in  Space  with 
large  diameter  cells,  together  with  the  chromel-alumel  thermocouple 
indication  of  the  temperature  difference.  Ue  see  that  the  Earth 
signal,  which  started  quite  smoothly,  shows  perturbations  after  three 
hours  of  experiments.  These  perturbations  are  probably  due  to 
contact  problems  or  oxidation  on  the  top  electrode. 


345 


Figure  10  gives  the  x-ray  photographs  of  these  last  cells:  (a) 
before  salt  melting,  (b)  after  melting  on  Earth,  (c)  after  melting  in 
Space.  It  should  be  noted  that  all  the  x-ray  photographs  given  in 
this  paper  have  been  made  after  complete  cooling  down  to  ambient 
temperature.  In  these  three  photographs,  the  porous  tube  is  almost 
invisible,  which  tends  to  prove  that  the  salt  did  not  penetrate 
inside  the  porous  material.  The  remainder  of  the  cell- free  volume 
before  melting  was  sufficient  for  the  expansion.  The  problems 
appearing  during  the  Earth  experiment  are  not  visible  on  the  10-b 
photograph . 

Figure  5  gives  the  thermoelectric  signal  and  temperature 
difference  signal  obtained  on  Earth,  with  two  other  cells  maintained 
vertical  (small  diameter  cells).  Note  that  the  thermoelectric  signal 
5-a  is  perturbed,  with  no  contact  at  the  beginning  of  the  experiment. 
This  signal  then  starts  with  a  lower  value  and  maintains  a  low  value 
all  during  the  experiment.  Oppositely,  curve  5-b  looks  quite  normal. 
Figure  11  shows  the  corresponding  x-ray  photograph.  One  can  see  the 
great  differences  between  these  three  photographs.  The  second 
photograph  shows  the  liquid  level  after  a  shrinkage,  which  is  due  to 
a  large  liquid  absorption  by  the  porous  alumina  tube,  clearly  visible 
here.  On  the  third  photograph,  no  problem  occurred,  the  liquid 
absorption  being  very  slight.  This  shows  that  the  contact  concerning 
Figure  5-a  appeared  after  the  salt  had  been  absorbed  by  the  porous 
material  toward  the  top  electrode.  The  small  potential  value  can  be 
explained  by  the  temperature  difference,  which  is  smaller  than 
expected  in  the  diffusion  zone  of  the  molten  salt. 


As  a  conclusion  for  these  thermoelectric  measurements,  one  can 
say  that  measurement  is  possible  in  Space  with  a  completely  filled 
cell  and  with  a  reproducibility  of  100&  ovei  six  cells.  Second,  the 
porosity  combined  with  the  interfacial  salt  properties  never  resulted 
in  the  salt  absorption  being  under  the  sole  influence  of  capillarity. 
However,  some  supplementary  absorption  is  obtained  on  Earth  under  the 
influence  of  the  salt  weight.  In  space,  one  always  obtains  a 
thermoelectric  potential,  which  corresponds  to  complete  cell  filling. 

3.2  Theoretical  Stability  Conditions 

We  undertook  numerical  simulation  of  the  convection  for  long, 
differentially  heated  cylinders  corresponding  to  our  experimental 
cells.  Ue  were  mainly  concerned  with  microgravity  situations 
characterized  by  a  gravity  (g),  which  is  reduced  by  a  factor  103  to 
104  with  regard  to  the  Earth  gravity  (g,),  but  with  an  unknown 
orientation.  The  equations,  the  dimensionless  parameters,  and  the 
numerical  method  are  given  in  previous  papers  (9,  17).  This  study 
has  been  performed  for  various  values  of  the  parameters.  Various 
temperature  differences  and  gravity  levels  were  taken  into  account 
with  the  use  of  the  Grashof  number  Gr„  (0.01  <  CrH  <  10).  Ve 


consider  all  the  possible  cell  orientations  with  regard  to  gravity 
(y,  angle  between  the  gravity  and  the  cell  axis,  0°  <  y  <  180°).  The 
Soret  coefficient  appears  in  the  separation  parameter  S  (-0.75<S<1). 
Finally,  the  physical  properties  of  the  molten  salts  are  used  to 
determine  the  Prandtl  and  Schmidt  numbers  (Pr  -  0.6,  Sc  =  60).  For 
such  a  system,  the  convective  motion  corresponds  to  a  single  regular 
roll,  which  has  no  influence  on  the  isotherm  contours  (small  Pr 
value).  On  the  contrary,  the  deformation  of  the  isomass  fraction 
contours  can  be  important,  particularly  when  GrH  increases  (Figure 
6).  The  influence  of  the  motion  on  the  separation,  an  important 
result  for  the  experimenters,  is  given  by  the  variable  Xbot,  mean 
mass  fraction  at  the  end  of  the  cylinder,  normalized  to  one  for  the 
perfect  Soret  separation  (purely  diffusive  without  convective 
motion).  For  different  S  values,  we  present  the  variation  of  Xbot  as 
a  function  of  Gr„  (for  y  =  90,  Figure  7)  and  as  a  function  of  y 
(Figure  8):  the  separation  is  almost  perfect  for  small  GrH  values  or 
for  certain  vertical  situations,  but  decreases  quite  strongly  outside 
this  domain.  These  curves  will  allow  the  experimenters  to  estimate 
the  degree  of  perturbation  of  their  experiment.  Another  interesting 
result  is  that  the  diminution  of  cell  radius,  which  decreases  the 
perturbations  induced  by  convection,  can  be  used  to  improve  the 
experimental  conditions.  These  theoretical  results  applied  to  the 
acceleration  values  measured  during  the  flight  have  permitted  us  to 
ensure  that  our  experiment  was  not  perturbed  by  convection. 

4.  CONCLUSION 

In  conclusion,  our  first  Soret-effect  experiment  in  Space  has 
shown  the  possibility  of  measuring  thermoelectric  power  under  low 
convective  conditions.  The  evolution  with  time  of  this 
thermoelectric  power  measured  in  Space  is  given  in  Figure  9  and 
compared  with  the  corresponding  Earth  variation. 

The  observed  variation  seems  characteristic  of  a  diffusion 
process,  but  the  phenomenon  is  much  slower  than  expected;  after  five 
hours,  the  stationary  state  had  not  been  reached.  This  corresponds 
to  a  smaller  diffusion  coefficient  in  Space  than  measured  on  Earth. 
This  fact  has  also  been  noticed  by  other  authors  using  liquid  metals 
(18),  with  a  factor  of  four  between  Earth  and  Space  coefficients. 

The  Soret  coefficient  cannot  be  calculated  because  the  stationary 
state  is  too  far  from  being  obtained,  but  the  variation  indicates 
that  the  Soret  coefficient  is  positive,  corresponding  to  the 
migration  of  Agl  towards  the  cold  side  of  the  cell.  The  Earth 
variation  given  in  Figure  9  is  at  least  two  times  smaller  than  the 
Space  variation;  it  then  confirms  the  impossibility  ot  a  correct 
measurement  on  Earth,  although  the  system  is  theoretically  stable, 
the  hot  side  of  the  vertical  cell  being  up. 
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ABSTRACT 

A  new  infrared  measuring  system  for  extended  appli¬ 
cation  of  the  laser  flash  method  to  the  determination 
of  the  thermal  conductivity  of  molten  salts  at  high 
temperature  with  a  remote  sensing  germanium  detector 
has  been  developed.  This  system  detects  the  temper¬ 
ature  response  curve  of  a  thin  platinum  disk  in 
contact  with  a  semi- infinite  column  of  molten  salt 
sample.  Its  data  processing  is  presented  with 
measurements  for  molten  sodium  carbonate  at  11  3  2  K . 
This  modification  minimizes  the  effects  ol  elec¬ 
trical  noise  frequently  observed  in  the  previous 
experiments  that  were  conducted  with  thermocouples. 


INTRODUCTION 

The  importance  of  thermal  properties  such  as  thermal  con¬ 
ductivity  or  diffusivity  of  molten  carbonates  at  high 
temperature  has  been  well  recognized  in  parallel  with 
recent  progress  in  fuel  battery  technology  at  high 
temperature  and  solar  energy  storage  systems.  There  have 
been  various  attempts  at  thermal  conductivity  measurements 
for  relatively  low  conductivity  melts  such  as  oxides  and 
nitrides.  However,  at  sample  temperatures  above  1000K, 
these  measurements  were  not  successful,  mainly  due  to 
experimental  difficulties  and  did  not  permit  quantitative 
discussions  tor  several  reasons.  For  example,  the 

radiative  heat  flow  is  known  to  play  a  significant  role 
at  higher  temperatures,  but  the  effect  ^,1  radiation  is 
difficult  to  evaluate.  The  volatilized  species  from  the 
sample  liquid  sometimes  are  known  to  cause  electrical 
or  electrochemical  problems  such  as  induced  noise  or  short- 
circuit  of  the  temperature  measuring  system  in  tie  high 
temperature  region. 

The  use  of  a  two-layered  laser  flash  method  first 
developed  by  Tada  etal.  (6)  appears  to  reduce  these  diffi¬ 
culties.  However,  the  full  potential  of  this  relatively 


new  technique  has  been  assessed  only  recently,  due  to  the 
coexistence  of  the  radiative  and  conductive  components  in 
the  measured  temperature  response  curve.  Ohta  etal.  (7,8) 
proposed  the  method  for  the  separation  of  radiative 
component  that  is  significant  at  high  temperatures  above 
1000  K  from  the  measured  temperature  response  curve  which 
involves  both  radiative  and  conductive  heat  flows.  The 
basic  idea  of  their  data  processing  is  to  evaluate 
thermal  conductivity  (■  )  of  a  sample  liquid  as  well  as  the 
radiative  component  parameter,  denoted  by  Rn  in  this  paper, 
and  the  initial  temperature  rise  of  the  plate  (T0  )  by 
comparing  the  measured  temperature  response  curves  with 
theoretical  values  using  the  least-square  curve  fitting 
technique.  The  usefulness  of  their  method  has  been  well- 
recognizod  but  the  data  process  for  deriving  thermal 
conductivity  of  liquid  sample  is  rather  complicated  and 
requires  long  calculation  time  by  the  high  speed  large 
computer . 

In  the  previous  experimental  assembly! 7,8)  to  obtain 
the  temperature  response  curve  a  thermocouple  has  been 
successfully  used  at  relative  low  temperature  or  in  high 
vacuum  (  less  than  1  0  “  4  Pa  )  at  high  temperature. 
However,  when  the  certain  volatilized  or  gaseous  species 
increase  at  hiqh  temperature,  most  likely  in  the 
measurements  for  molten  salts,  the  significant  noise 
prevents  us  from  accurate  measurement  duo  to  the  ionization 
of  the  volati  lizod  species  by  flashed  laser  beam,  arid  such 
effect  appears  to  be  accelerated  by  the  oscillatory 
electric  field  induced  in  the  heating  element.  In  such 
case,  the  noise  frequently  overcomes  the  temperature 
response  signal  even  when  the  rectified  alternating 
current  was  supplied  to  the  heater  because  of  the  small 
residual  ripple  current.  Since  the  vapor  pressure  of  most 
molten  salts  is  relatively  high,  the  inert  gas  to 

prevent  from  volatilization  is  frequently  required  for  the 
thermal  conductivity  measurements.  Thus,  the  experimental 
assembly  with  a  thermocouple  is  known  to  be  strictly 
limited,  particularly  for  the  measurements  at  high 
temperature.  The  main  purpose  of  this  work  is  to  present 
the  improved  temperature  response  acquisition  system  with 
a  infrared  ray  detector  of  germanium.  Tae  new  data 
processing  not  required  the  high  speed  large  computer  has 
also  been  developed  for  separating  the  radiative  component 
from  the  measured  temperature  response  curve. 

The  usefulness  of  the  present  improved  system  and  data 
processing  is  demonstrated  by  measuring  thermal 

conductivity  of  molten  sodium  cirtionate  at  M  1.7K. 


experimental 

The  schematic  diagram  of  the  laser-pulse  apparatus  for 
measuring  thermal  conductivity  of  liquid  and  its  cell- 
assembly  are  given  in  figures  1  and  2,  respectively.  The 
entire  cel  1 -assembly  is  enclosed  by  a  bell  jar  under  vacuum 
of  the  order  of  10~4  Pa  (10'®  Torr). 

The  two-layered  cell  system  consists  of  two  parts:  a 
detector  metal  plate  for  measuring  the  temperature  response 
curve  and  a  column  of  sample  liquid  adhered  to  the  metal 
plate.  A  platinum  plate  (0.2  mm  in  thickness  and  6  na  j  n 
diameter)  is  employed  as  a  detector  p 1  1 1  o ,  w  h i c  h  is 
suspended  by  three  fine  platinum  wires  att  iciiod  to  the 
surface  of  the  sample  melt.  A  platinum  sample  vessel  is 
placed  on  the  tantalum  pedestal,  which  has  an  o  leva  tot- 
mechanism  to  precisely  adjust  its  position.  The  cell  cyst or 
is  placed  in  a  tungsten  mesh  heating  clement. 

In  this  work,  a  4S°half  mirror  was  inserted  i  the 
laser  beam  path,  for  accurate  monitoring  the  incident,  be  am 
intensity  by  a  silicon  photo  detector.  To  evaluate  the 
initial  temperature  rise  of  the  platinum  disk  ani  the 
thermal  radiation  heat  loss  from  its  disk,  the  temperature 
response  curve  without  touching  sample  liquid  were-  measured 
at  various  temperatures. 

The  germanium  infrared  detector  was  employed  ;n  this 
work  to  measure  the  temperature  response  curve,  excluded 
from  external  noises  in  trie  reasonable  l-vc-i.  7!v  scnem-pic 
diagram  for  this  modification  is  shown  i  r.  f  i  gut-..  1.  Tr.o 
infrared  ray  emitted  from  platinum  plate  passed  throu  i!i  the 
upper  quartz  window  and  was  reflected  by  a  4  5  °qo 1 d  mirror 
with  a  hole  in  its  center,  where  the  hole  is  iso!  for  the 
laser  beam  path.  The  infrared  ray  focused  or.  trie  screen  by 
quartz  lens  and  the  image  of  platinum  plate  by  transmitting 
through  quartz  fiber-optic  guides  to  a  germanium  infrared 
detector.  To  prevent  multiple  reflection  of  tv-  focus : ng 
equipment,  its  inner  surface  was  covered  with  black  felt. 

At  the  desired  temperature,  a  pulsed  laser  beam  »  s 
flashed  on  the  top  surface  of  a  detector  elate  and  its 
temperature  response  curve  is  stored  in  a  digital  t  runs , ■  :C 
memory  from  which  the  data  is  read  by  a  micro  com  put  o r 
system  for  evaluating  thermal  conductivity. 

Samples  were  prepared  from  powder  of  high  grade  sod  s  ur 
carbonates.  They  are  premelted  in  platinum  crucible  m  a i n 
at  1200K.  About  one  gram  of  premelted  sample  is  p.t  info 
the  sample  vessel  and  melted  and  held  for  il  ■  u'  t  wo  hours 
under  vacuum  to  remove  bubbles. 

After  removal  of  bubbles,  the  sample  vessel  c  .dcjvu 


to  touch  the  sample  surface  to  the  plate  and  a  liquid 
column  of  sample  is  made  by  lowering  of  the  holder  by  0.65 
mm . 

RESULT  AND  DISCUSSION 

A  system  composed  of  thin  metal  plate  and  transparent 
liquid  as  shown  in  figure  2  is  considered  to  the  theo¬ 
retical  heat  transport  equations.  Before  heating  by  a  laser 
beam,  the  temperature,  TQ,  of  a  detector  plate  is  in 
thermal  equilibrium  with  the  liquid  layer.  At  t=0,  a  pulse 
of  laser  beam  is  flashed  on  the  plate  and  the  absorbed 
heat  of  the  plate  discharges  into  both  sample  liquid  and 
surroundings  by  conduction  and  radiation  as  schematically 
illustrated  by  figure  2.  As  is  given  by  Ohta  etal.  (8,9), 
the  theoretical  temperature  decay  of  the  platinum  plate  in 
this  system  is  shown  as  figure  4  .  This  figure  also  show 
the  calculated  theoretical  value  of  Tada  etal. (6)  for  the 
case  where  the  effect  of  radiative  heat  transfer  is 
negligible  (Rn=0).  The  platinum  plate  is  thin  and  has 
large  thermal  diffusivity  as  compared  with  sample  liquid 
layer.  Thus, in  deriving  these  temperature  response  curves 
of  platinum  disk,  we  can  consider  liquid  layer  is  semi¬ 
infinite  and  the  temperature  in  the  metal  plate  is  uniform 
at  any  moment. 

The  initial  temperature  rise  of  the  platinum  plate,  T0, 
and  the  ratio  in  the  non  dimensional  form  of  radiative  and 
conductive  heat  transfers,  R  ,  are  expressed  as  follows. 


To  = 

Q/(pdCPdZd} 

( i  ) 

Rn  = 

4 ( 1+n2 ) eo8o (PdCpdXd/X  sPscPs) 

(2) 

h  = 

r  ^scPsps/pdcPdzd2)i1/2 

(3) 

t  = 

h2t 

(  4  ) 

where  the  suffixes  s  and  d  indicate  the  sample  and  the 
detector  plate,  t  is  time,  ^  is  the  thickness  of  the 
detector  plate,  T^  is  a  temperature  rise  of  the  plate  at 
time  t  from  the  equilibrium  temperature,  and  Cp,  and  ' 
denote  specific  heat  capacity,  densi*-/,  thermal 
conductivity,  respectively.;;  is  the  Stefan  -Boltzmann 
constant,  r.  is  the  total  hemispherical  omittance  and  n  is 
the  refractive  index  of  the  sample  liquid.  Q  is  the 


absorbed  heat  of  detector  plate  from  a  laser  beam. 

Based  on  these  fundamental  equations,  the  following 
useful  relation  for  the  quantity  of  h  corresponding  to  the 
thermal  conductivity  may  be  readily  obtained. 


where  t1 ^2  is  the  tlme  from  the  initiation  of  the  pulse 
until  the  detector  plate  temperature  decrease  reaches  one 
half  of  its  initial  value,  T  ,  and  KRn  is  a  constant  value 
relevant  to  the  radiative  component  of  Rn.  Figure  5 
provides  the  numerical  examples  for  KRn  as  a  function  of 
Rn-  The  values  of  h  car.  be  evaluated  from  the  measured  1 1  / 2 
value  coupled  with  the  results  of  figure  5. 

The  initial  temperature  rise, Tjr can  not  be  directly 
measured  because  of  the  noise  at  t=0  caused  by  electricity 
supplied  to  laser.  However,  the  initial  temperature  rise 
and  the  radiation  heat  transfer  component  concerning 
detector  plate  can  be  determined  by  measuring  the 
temperature  response  without  liquid  sample.  The  essential 
point  of  this  process  is  as  follows!9). 

The  temperature  response  of  thin  plate  heated  by  a 
laser  pulse  is  expressed  by  eq.(6). 

_  d  I  n  (T  -  Tq  )  _  H  ( e  ) 

dt 


where 

h  =  -  %  '  i-  (  1 ) 

■  d  Pd  d 

Figure  6  shows  the  observed  logarithmic  temperature 
response  with  time.  The  slope  corresponds  to  the  value  of 
H  and  the  TQ  value  can  be  obtained  by  the  extrapolation  to 
t=0  since  the  laser  energy  of  each  shot  appears  frequently 
to  show  the  sliqht  fluctuation.  Thus,  such  effect  was 
corrected  in  this  work  by  the  following  procedure.  The 
initial  temperature  rise, TQ, is  directly  proportional  to  the 
laser  beam  intensity  as  expressed  in  eq.(l).  Therefore,  the 
initial  temperature  rise  for  each  thermal  conductivity 
measurement  of  sample  liquid  may  be  determined  by  the 
following  equation. 


(I/I'JTo 


(8) 


To  = 

where  I  is  the  intensity  of  laser  beam  measured  by  the 
laser  intensity  monitor.  I  '  is  the  value  derived  from  the 
run  without  touching  sample  liquid.  T  1  is  the  value 
evaluated  by  the  extrapolation  for  each  run.  The  following 
relation  may  also  be  noteworthy  in  practice. 

Rn  =  (i^-)H/h2  (9) 

The  value  of  h  is  derived  as  follows.  At  first,  the 
preliminary  h  value  is  evaluated  from  the  measured  1 1  /  j 
value  and  result  of  figure  5  with  the  assumption  of  R  =  0. 
Next,  the  value  of  Rn  is  calculated  by  e  q .  (  9  )  coupled  with 
the  refractive  index  n  and  H.  The  evaluation  of  h  from  the 
results  of  figure  5  is  repeated  so  as  to  get  the  reasonable 
convergence  by  iteration.  Then  the  thermal  conductivity  of 
sample  liquid  can  be  evaluated  using  the  relation  of 
eq . ( 3  )  . 

By  applying  the  now  infrared  detection  system  and  its 
data  processing,  the  thermal  conductivities  of  molten 
sodium  silicate  and  carbonate  have  been  determined.  The 
va 1 ues  a  re  0.428  W  n  "  K  ‘  1  for  sod i urn  silicates  at  1  1  3  IK 
and  0.478  W  m"  K"  at  1273K  for  sodium  carbonate  at  1132 
K,  respectively.  The  former  is  found  to  agree  well  with  the 
literature  valuo(8).  it  would  be  interesting  to  extend  the 
present  method  to  determine  the  thermal  conductivity  of 
various  molten  salts  at  high  temperature. 
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Figure  2.  (a)  Schematic  Diagram  of  a  Cell  in  The  Two 
Layered  Laser-Flash  Method;  (b)  Schematic  Diagram  of  th 
Sample-Cell  Assembly. 


GENERATION  OF  CATIONIC  SPECIES  IN  CHLOROALUMINATE  MELTS  :  STRATEGIES 
BASED  ON  PROTONIC  SUPERACID  CHEMISTRY 
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ABSTRACT 

Initially  tins  paper  provides  a  quantitative  basis  .or  ihe  levels  ol  acia'.y  in 
protonic  superacids  above  which  individual  homopolyatomic  cations  ct 
non-metals  and  metals  are  capable  of  stable  existence  and  below  whicn  they  aie 
unstable  through  disproportionation.  It  relates  these  reactions  in  superaods  to 
similar  behaviour  ot  these  cations  in  chloroalummate  melts  of  varying  acidity  or 
basicity  Monatomic  cations  ot  d-  and  t-  transition  metals  in  unusually  low 
oxidation  states,  e  g  U3  +  ,  Tt2*.  Sm2*  etc  .  are  shown  to  be  -star :  i  is.-  :  : 
superacids,  the  acidity  of  which  has  been  enhanced  by  Lewis  acids  Again,  the 
parallel  with  chloroalummate  melt  chemistry  is  demonstra.ed  The  novel  feature 
ol  this  presentation  is  the  postulate  that,  in  acidic  media,  whether  superacids  or 
melts,  cations  are  the  normally  expected  species  and  that  thee;  disproportionate 
with  increase  in  basicity  Finally,  strategies  are  outlined  tor  generation  of  cationic 
species  m  melts  These  strategies  give  n  more  specific  synthetic  approach  '“an 
that  adopted  in  much  past  worn 


HOMOPOLYATOMIC  CATIONS  OF  HALOGENS  AND  CHALCOGENS  IN  HYDROGEN 

FLUORIDE,  FLUOROSULFURIC  ACID  AND  ACIDIC  CHLOROALUMINATES 

In  recent  work  at  Melbourne  (1  j  we  have  estab  ishcd  the  thresho.ds  ol  aod-W  .<■ 
solvent  anhydrous  hydrogen  fluoride  (AHFl.  as  defined  by  values  of  i'te  Hammett  A;  j 
Function  H0.  above  which  the  Homopolyatomic  cat.ons  1  r+.  13'*  and  I2*  are  stable  in 
solution  Some  Is*  together  with  t3*  is  observed  by  UV-visitie  spectroscopy  m 
"natural''  HF,  i.e  triply  distilled  HF  which  has  been  stored  in  KeiF  cor.ta.neis 

Gillespie  arid  l  iang  ; 2!  have  determined  J  v  ?'-ie  3!  -’5  1  <cr  H&  t.-.r  pure  anl,,c. 

HF  This  -alue  was  net  determined  directly  tor  the  "pure"  liquid  itselt  SuFj  'he  low. s 
acid  of  the  solvent  system)  and  F  (the  basei  were  added  :ri  concen!'d!--c::$  that 
“swamped"  any  impuniy  ttfects  Hc,  values  were  obtained  tor  a  range  ot  ac.d 
concentrations  and  tor  a  range  ol  Lase  ccncentrat  ons  and  H0  !o»  pure  HF  was  cv  •  :rr  n. 
by  interpolation  "Natural"  oistilied  HF  will  contain  mii.jte  concentrations  ot  m  p,.-  <  .« 
which  will  be  protonated  The  concenfation  ot  F"  will  then  oe  S'lghliv  enhanced  a-  >*.. 
may  be  about  - 1 1 

When  H0  is  about  12  (saturated  PFg  in  HFi  13*  is  the  only  vat.on.c  species, 
observed  Spectroscopically  At  H0  »  -15  1?  jO  ~o  N&Fg  in  -IF;,  some  H  r  S  Observed  ,r.l 


I2+  is  the  only  species  detected  for  HF  solutions  more  acidic  than  H0  =  -15.7  (0.1 1  M 
NbFg)  The  most  acidic  solution  investigated  in  this  part  of  the  work  was  0  2  M  SbF3  in  HF, 
for  which  Hq  =  -20.2,  l2+  being  the  only  cationic  species  present. 

When  excess  F'  —  the  base  of  the  HF  solvent  system  —  is  added  to  a  solution 
containing  any  of  the  polyatomic  cations  of  l2,  the  cations  disproportionate  to  elemental  l2 
(as  indicated  by  UV-visible  spectroscopy)  and  IF5  (shown  by  Raman  spectroscopy). 
Gradual  additions  of  F'  to  solutions  containing  l2+  would  yield  l3+,  l5+  and  l2  in  turn  in 
accordance  with  the  equations  : 


14  l2+  +  5  F- 

- >  9  l3+  + 

12  l3+  +  5F- 

— »  7  l5+  + 

5  l5+  +5  F‘ 

— >  12  l2  + 

"=5 

IF5 

IF5 


Acidity  was  shown  to  be  the  major,  if  not  the  sole  determinant  of  the  nature  of  the 
cations  formed  in  some  experiments  in  which  l2  and  IF5  were  allowed  to  mutually  reduce 
and  oxidize  in  HF  of  fixed  acidity.  It  did  not  matter  whether  oxidant  or  reductant  was  in 
excess.  The  flow-sheet  below  summarizes  the  dependence  of  cation  formation  on  the 
basicity  or  acidity  of  the  medium.  IF5  is  a  good  fluoride  donor.  When  it  is  slightly  in  excess  of 
SbFs,  the  strong  Lewis  acid  of  the  system,  IF^SbFg'  is  formed  and  the  residual  IF5  gives 
a  slightly  basic  solution.  When  SbFs  is  slightly  in  excess  the  solution  is  weakly  acidic. 


Exoess  lj>  +  F2 

Hj,  =-12(a) 

Exoess  SbF^ 

F'  A  (0.009  molal) 

l2  +  IF5  < -  l3+  < -  l2  +  IF5(0.01 1  molal)(c) 

l^»-15.7(b) 

Excess  SbFg 

F'  *  (0.013  molal) 

l2  +  IF5  , -  l2+  < -  l2  +  IF5  (0.01 1  molal) 

(a,b)  H0  values  for  (a)  PF5/HF,  (b)  NbFg/HF  :  Reference  2. 

(c)  The  amount  of  solid  elemental  Ig  was  such  that  IF5  was  in  a  ten-fold  excess  relative  to  I2 
in  the  experimental  volume  of  HF  solution  which  was  0.01 1  molal  in  IF5. 


In  other  Melbourne  work,  we  have  investigated  the  levels  of  acidity  in  HF  above 
which  the  cations  S1g2+,  Sg2+  and  S42+  become  stabilized.  The  absolute  acidities  at 
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which  these  cations  are  formed  are  "compressed"  into  a  much  higher  range  than  tor  the 
cations  of  I2  and  so  acid-base  dependent  discrimination  is  much  less.  Consequently  we 
have  put  the  I2-HF  system  forward  as  the  best  "indicator"  system  yet  reported. 

There  are  no  reports  to  suggest  that  the  ability  to  discriminate  within  protonic 
solvents  other  than  HF  or  in  melts  is  as  great  as  in  the  HF  solvent  system.  This  is  not 
surprising  when  it  is  recognized  that,  for  each  protonic  solvent,  the  approximate  range  of 
H0  values  in  going  from  0.1  mole  %  base  to  0.1  %  mole  acid  is  «  0.5  for  H2SO4  (3),  3  for 
HSO3F  (4)  and  9.5  for  HF  (2).  Unfortunately  there  is  no  relatively  simple  acidity  scale, 
comparable  with  the  Hammett  scale,  lo  define  acidity-basicity  conditions  in  melts. 

Despite  these  difficulties,  a  very  recent  review  (5)  correlates  initially  the  conditions 
of  acidity  under  which  polyatomic  cations  of  the  halogens  and  of  the  chalcogens  are 
stabilized  in  the  protonic  solvents,  HF,  HS03F  and  oleums,  and  in  chlofoaluminate  melts 
It  is  reported  there  that  Gillespie  generated  l5+,  13+  and  l2+  in  HSO3F  by  oxidizing  I2  with 
the  strong  oxidant  S2O6F2.  By  controlling  the  ratio  63(^2  : 12  he  found  that  15+  and  l3+ 
were  stable  in  HSO3F  (H0  »  -14)  but  that  l2+  slowly  decomposed  in  that  medium,  but  was 
stable  in  HSO3F — SbF5  (H0  *  -18).  Bromine  cations  are  less  stable.  Wheres  l3+  is  stable 
in  HSO3F  at  H0  =  -14,  Br3+  decomposes  slowly  and  needs  a  more  acidic  medium 
SbFs  3S03— HSO3F(H0  =  -19).  Cl3+  cannot  be  generated  in  protonic  solvents. 

For  molten  salt  chemists,  it  is  highly  significant  that  15+  and  13+  (as  chloroaluminates) 
are  stable  in  neutral  melts  (6)  i.e.  when  Cl' :  AICI3, 1:1.  I3+  was  generated  in  acidic  AICI3 
and  disproportionated  as  the  medium  was  made  more  basic  (7).  This  system  will  be 
discussed  later. 

For  polyatomic  cations  of  the  chalcogens,  the  same  trends  apply.  For  example 
s42+-  Sg2+  and  Si  g2+  can  be  stabilized  in  oleums  with  H0  values  of  -1 4.1 ,  -1 3.2  and 
-12.7  respectively.  That  is,  stabilization  of  sultur  cations  with  higher  charge-to-element 
ratios  require  progressively  higher  acidities.  An  alternative  statement  is  that  as  the  acidity 
of  the  medium  is  increased  the  complexity  of  the  cation  decreases.  On  the  other  hand, 
the  cations  S42+,  Se42+  and  Te42+  can  be  stabilized  in  H2S04-based  media  of 
decreasing  acidity,  the  respective  H0  values  being  -14.1,  -1 1.9  and  -11.  Ease  of 
stabilization  of  "high-charge"  cations  increases  with  increasing  atomic  number  of  the 
chalcogen,  as  was  the  case  with  the  halogens. 


HOMOPOLYATOMIC  CATIONS  OF  METALLIC  ELEMENTS  IN  CHLOROALUMINATE 
MELTS  AND  ACIDIC  FLUORIDE  MEDIA 

The  experimental  evidence  lor  homopolyatomic  cations  of  metals  is  much  less 
comprehensive  than  for  non-metals  and,  in  the  main,  is  drawn  from  molten  salt  chemistry 
An  important  difference  from  the  polyatomic  cations  of  non-metals  is  that  the 
charge-to-element  ratio  decreases,  i.e.  the  complexity  of  the  cation  increases,  as  the 
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acidity  of  the  medium  increases,  whether  that  medium  be  a  molten  salt  or  a  protonic 
superacid. 

The  only  diatomic  cation  of  a  metal  to  exist  in  water  is  Hg22+  and  that 
disproportionates  as  base  is  added  to  an  aqueous  solution.  Mamantov  and  coworkers 
obtained  spectroscopic  and  polarographic  evidence  for  Hg32+  in  AICI3  and  determined 
the  structure  of  Hgg2*  in  Hg3  (AlC^Jg  isolated  from  the  melt  (8).  Gillespie's  group  (9) 
generated  Hg3(AsFg)2  and  Hg3(Sb2Fi  j)2  in  the  weakly  basic  solvent  S02  and  these 
compounds  disproportionated  slowly  even  in  HSO3F.  Hg4(AsF6)2  was  generated  in  the 
weakly  basic  solvent  ASF3  in  equilibrium  with  Hg3(AsFg)2,  but  Hg42+  disproportionated  in 

so2. 


Although  there  are  several  sketchy  reports  of  generation  of  cations  such  as  M22+ 
by  reduction  of  metal  dichlorides  by  the  metal  in  melts  —  often  the  molten  dichlorides 
themselves  —  the  polya'omic  cations  other  than  those  of  Hg  which  have  been  well 
characterized  are  those  of  Cd  and  Bi.  Corbett  reported  that  reduction  of  CdCI2  by  Cd  was 
at  a  maximum  in  acidic  melts,  when  the  AICl3:CdCI2  ratio  was  beyond  about  3:1  i.e.  when 
there  was  at  least  one  mole  of  AICI3  in  excess  of  the  amount  required  to  form  AICI4‘  with 
the  chlorides  released  from  CdCI2  He  isolated  Cd2(AICl4)2  from  these  melts  (10).  He 
observed  a  Raman  band  at  183  cm-1  ascribed  to  Cd22+  in  the  melt  which  can  be  related  to 
a  band  at  175  cm-1  in  the  isolated  solid.  Cutforth,  Gillespie  and  Ummat  synthesized  more 
complex  cations  of  Cd  by  oxidizing  excess  Cd  with  AsFg  in  liquid  AsF3  and  isolating  the 
solids  Cd3(AsF6)2  and  Cd4(AsF6)2  (11). 

Corbett  (12)  isolated  compounds  containing  polyatomic  cations  of  Bi  by  adding 
metallic  Bi  to  stoichiometric,  i.e.  neutral,  melts  where  the  BiCl3:AICl3  ratio  was  1 :3.  These 
compounds  had  formulae  B^AIC^,  which  presumably  contains  the  cation  Big2+,  and 
Bi5(AICl4>3-  The  latter  compound  appears  to  be  related  to  his  compound 
Bi+Big5+(HfClg)3  which  he  characterized  crystallographically  by  reducing  the  neutral  3.2 
mixture  of  HfCl4  and  BiClg  with  Bi  (13).  The  Bi  cation  system  would  appear  to  warrant 
further  investigation  in  acidic  melts  in  which,  to  use  the  fundamental  concept  of  this  paper, 
polyatomic  cations  would  be  stabilized  more  easily. 


MONATOMIC  CATIONS  OF  cf-  AND  f-  TRANSITION  METALS  IN  VERY  LOW  OXIDATION 
STATES  IN  HF  AND  IN  MELTS. 

Treatment  of  metallic  uranium,  previously  chemically  cleaned  of  all  surface  oxide, 
with  a  solution  of  BF3  in  HF  yielded  a  stable  lilac-colored  solution  of  HF-sotvated  U3+, 
with  H2  being  evolved  through  reduction  of  HF  (14).  This  contrasts  with  attempts  to 
prepare  U3+  in  aqueous  solution,  U3+  reduces  water  to  H2  and  is  itself  oxidized  to  U(IV). 
However,  continuous  electrolytic  reduction  during  recording  of  the  spectrum,  gives  a 


spectrum  for  aquo-U3+  which  is  very  similar  to  that  for  U3+,  solvated  by  HF,  in  HF  solution. 
When  excess  F"  as  a  solution  of  NaF  in  HF,  was  added  to  U3+  in  BF3 — HF,  the  solution 
became  colourless  and  the  insoluble  solids  were  U  and  UF4  (1 5).  Disproportionation  had 
occurred  : 

4U3+  +  12F-  - »  U°  +  3UF4 

In  molten  salt  work  in  1963  (16),  it  was  reported  that  UCI3  was  produced  in  situ  in 
fused  salts  in  sealed  tubes  and  reduced  by  metallic  Al,  the  volume  of  Al  being  comparable 
with  that  of  the  melt  phase  in  each  case.  After  quenching,  the  immiscible  melt  and  metallic 
phases  were  analyzed  for  U  and  the  ratio  of  U  in  each  phase  interpreted  in  terms  of 
reduction  of  U(lll)  by  Al.  The  AICI3/KCI  ration  in  the  melt  was  varied  trom  0  39  (basic)  to  2.0 
(acidic)  in  different  experiments.  It  was  observed  that  the  ratio  of  U  in  the  metallic  phase  to 
that  in  the  melt  was  very  small  in  acidic  and  in  basic  melts  but  had  a  value  of  10  or  greater  in 
near-neutral  melts.  In  a  second  paper  (17)  the  experimental  results  were  reported  as 
showing  that  the  extent  of  reduction  depended  on  whether  the  predominant  anionic 
species  in  the  systems  investigated  were  AI2CI7',  AICI4'  or  CT.  It  will  be  shown  latter  in  this 
paper  that  it  is  more  reasonable  to  interpret  the  results  in  terms  of  the  stable  cation  U3+  in 
acidic  media,  stable  chloro-uranate  (III)  anions  in  basic  systems  and  disproportionation  of 
U3+  near  neutrality. 

Following  the  generation  of  U3+  in  HF,  metallic  Cr  and  V  reacting  with  HF  acidified 
with  the  weak  Lewis  acid  BF3  were  shown  to  yield,  not  surprisingly,  solvated  Cr2+  and  V2+. 
Whereas  Ti  was  expected  to  give  Ti3+,  comparison  of  HF  spectra  with  those  in  molten 
AICI3  and  in  crystalline  NaCl  (with  Ti2+  doped  at  1%  level)  showed  that  solvated  cations 
Ti2+  were  stable  in  solution  when  cleaned  Ti  was  reacted  with  2-3M  SbFg  in  HF  (18).  SbFg 
is  a  very  strong  Lewis  acid  of  the  HF  solvent  system.  Increasing  the  basicity  of  this  solution 
by  adding  the  base  F'  as  NaF  in  HF  caused  disproportionation  of  Ti2+  to  Ti  and  TiF4. 

This  work  on  Ti2+  in  HF  has  direct  relevance  to  spectroscopic  studies  of  Ti(ll)  in 
molten  chloroaluminates.  0ye  and  Gruen  (19)  interpreted  their  specirum  for  Ti(ll)  in  pure 
AICI3  as  indicating  an  octahedral  chloride  environment  for  Ti(ll).  Lever  (20)  states  that  this 
spectrum  is  "presumably  derived  from  the  [TiClg]4'  ion”,  in  passing,  it  can  be  noted  that 
Lever  states  explicity  that  the  spectrum  recorded  by  0ye  and  Gruen  (19)  for  V(ll)  in  AICI3  is 
that  of  octahedral  [VCIg]4'.  Based  on  discussion  later  in  this  paper  it  seems  that  it  is  much 
more  reasonable  to  postulate  that  the  absorbing  species  in  that  case  is  AlC^-solvated 
V2+.  Sorlie  and  0ye  (21)  recorded  spectra  for  Ti(ll)  and  Ti(lll)  in  melts  ranging  from  100% 
AICI3  through  melts  with  AIC^KCI  ratios  of  51 :49  to  those  of  49;51 ,  i.e.  from  strongly 
acidic  to  weakly  basic  The  Ti(lll)  spectrum  shows  little  change  to  AICI3:KCI,  67  :  33.  but 
appears  to  change  to  an  anionic  species,  namely  tetrahedral  TiCI4',  at  the  ratio  51 :49  and 
is  mainly  octahedral  TiClg3'  at  49:51 .  A  new  peak  grows  into  the  Ti(ll)  spectrum  as  CT  is 
introduced  into  the  melt  and  continues  to  grow  in  intensity  with  increasing  CT  fraction,  but 
then  remains  essentially  unchanged  until  neutrality.  At  AICI3:  KCI,  49:51,  i.e.  in  a  slightly 
basic  melt,  the  spectrum  appears  to  be  that  of  Ti(lll)  as  TiClg3'  and  it  is  reported  that  metallic 
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Ti  is  deposited  from  the  melt.  This  system  will  be  discussed  below  in  terms  of  Ti3+  and 
Ti2+  as  the  species  present  in  acidic  melts. 

In  the  Melbourne  program,  cations  of  other  metals  in  unusually  low  oxidation  states 
stabilized  in  HF  include  Zn3+,  Eu2+,  Yb2+  and  Sm2+  (22).  The  Zr3+  spectrum  in  HF 
correlates  nicely  with  spectra  for  Zr(lll)  in  AICI3,  AIBr3  and  All3  (23). 


POSTULATION  OF  CATIONIC  SPECIES  IN  INTERPRETATION  OF  SOME  ACID/BASE 
DEPENDENT  REACTIONS  IN  MELTS 


The  Melbourne  work  on  stabilization  of  the  HF-solvated  cations  U3+  and  Ti2+  can 
be  used  directly  to  re-interpret  or  to  simplify  earlier  interpretations  of  some  reported 
reactions  in  molten  salts,  using  as  a  basis  for  the  new  interpretation  the  postulation  of  the 
existence  in  acidic  melts  oicationic  species  which  disproportionate  with  increase  in 
basicity  of  the  melts.  Comparison  of  the  U(lll)  systems  in  both  media  provides  an  excellent 
example  of  this  approach. 

Spectroscopic  and  direct  chemical  evidence  supports  the  proposition  that  U(lll)  is 
present  in  HF  made  slightly  acidic  with  BF3  as  HF-solvated  U3+  and  that,  as  the  base  of 
the  solvent  system  F'  is  added,  U3+  disproportionates  as  indicated  above 


Morrey  and  co-workers  (16, 17)  observed  an  apparent  direct  reduction  of  U(lll)  by  Ai 
in  nearly-neulral  chloroaluminate  and  stated  that  such  reduction  was  slight  in  both  the 
acidic  and  the  basic  melts.  They  appear  to  have  rationalized  these  observations  by 
analysis  of  their  results,  using  the  changing  concentrations  of  UCIg3',  AI2CI7',  AICI4'  and 


Cl'  as  the  basis  for  their  analyses.  They  do  not  appear  to  oiler  chemical  explanations  for  the 
acid/base  dependence  of  "reduction"  of  U(lll)  on  the  nature  of  the  different  anions. 


It  appears  much  more  satisfying  to  postulate,  as  they  have  done,  that  U(lll)  is 
present  in  the  basic  melt  as  an  anion  [UCI34.n)n',  where  n  may  or  may  not  be  3,  but  that  it  is 
present  in  the  AICI3-rich  melt  as  U3+  solvated  by  AICI3,  or  better,  by  the  bidentate  AI2Clg. 
This  need  not  be  a  shocking  postulate.  Morrey  himself  published  spectra  for  U(IV)  in 
various  choride  melts  (24).  He  recorded  spectra  of  UCI4  in  the  acidic  melts  AICI3  and 
ZnCI2,  of  pure  UCIg2'  and  of  UCIg2'  and  UCI4  in  basic  (chloride-rich)  melts.  His  spectra  in 
basic  media  all  resembled  that  of  UCIg2'.  So  U(IV)  must  be  expected  to  be  anionic  in  basic 
melts.  His  acidic  spectra  are  very  similar  to  that  of  aquo-U4+  in  acidified  H20  and  so  it  can 
be  postulated  that  U(IV)  is  present  in  acidic  melts  as  solvated  U4+.  It  is  then  even  more 
reasonable  to  postulate  that  the  cation  of  lower  positive  charge  U3+  would  be  in  solution 
as  solvated  U3+.  Unfortunately,  no  spectra  for  U(H1)  in  acidic  melts  appear  to  be  available,  ii 
is  highly  significant  that  Morrey  and  co-workers  reported  that  "on  moving  to  the  AICI3-rich 
region  the  absorption  spectrum,  typical  of  UCIg3'  is  no  longer  observed"  (16) 
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Once  it  is  postulated  that  the  U3+  cation  exists  in  acidic  melts  it  is  easy  to  see  that  as 
the  melt  system  approaches  neutrality,  U3+  will  disproportionate  : 

4U3+  - >  U°  +  3UIV. 

U(IV),  probably  present  as  UCIg2',  would  then  be  reduced  by  Al  to  U3+  which  would 
disproportionate  giving  a  cyclic  process  for  production  of  metallic  uranium,  in  which  it  is  not 
necessary  to  propose  that  U(lll)  is  reduced  by  Al  at  all. 

The  Ti(lll)  and  Ti(ll)  system  in  chloroaluminate  melts  (21)  requires  much  less  drastic 
reinterpretation  than  the  U(lll)  system.  Ti(lll)  is  probably  present  as  solvated  or 
partly-complexed  Ti3+  in  acidic  melts.  The  spectra  suggest  that,  slightly  on  the  acidic  side 
of  neutrality,  the  dominant  species  is  the  tetrahedral  anion  TiCI^'  and  that  this  is  largely 
replaced  by  octahedral  TiClg3'  on  the  basic  side.  The  spectrum  for  Ti(ll)  in  pure  AICI3  is 
best  interpreted,  on  the  basis  of  the  spectra  in  HF  and  in  doped  NaCI,  as  indicating 
solvated  Ti2+.  With  increase  in  basicity  of  the  melt  (67%  AICI3  —  33%  KCI)  a  new  peak 
starts  to  grow  in  at  about  22,000  cm'1 .  This  could  be  due  to  a  lowering  of  symmetry 
because  of  replacement  of  A^CIg  ligands  by  AI2CI7'  or,  more  likely,  due  to  some 
chlorocomplexation  yielding  solvated  TiCI+,  with  the  high-energy  band  resulting  from  a 
charge-transfer  process  The  important  observation  is  that,  with  slight  modification,  these 
spectral  features  are  retained  until  the  melt  contains  51%  AICI3  and  49%  KCI.  At  51%  KCI, 
the  spectrum  is  that  of  Ti(lll)  in  TiClg3'  and  Sarlie  and  0ye  reported  metal  deposition  on  the 
cell  windows.  This  is  consistent  with  disproportionation  of  the  cationic  species,  whether 
partly  complexed  or  not  : 


3Ti2*  +  12CI-  - >  Ti  +  2TiClg3". 

Corbett's  observation  that  Cd22+  is  stable  in  acidic  chloroaluminates  is  consistent 
with  the  general  proposition  put  forward  in  this  paper.  If  the  acidity  were  to  be  reduced, 
Cd22+  would  disproportionate  in  accordance  with  the  equilibrium  : 

cr 

Cdz2+  +  2CT  ^  Cd  +  CdCI2 
AICI3 


It  is  this  writer's  opinion  that  Corbett  complicates  the  interpretation  of  his  observations 
unnecessarily  by  discussing  preferential  isolation  of  Cd2(AICl4)2  or  Cd(AICl4)2  in  terms  of 
the  lattice  energies  of  the  compounds  isolated  (25).  It  is  sufficient  to  postulate  that  Cd22+ 
is  formed  by  reduction  of  Cd2+  by  Cd  if  the  melt  is  sufficiently  acidic  and  that  this  reaction  is 
reversible  on  increase  of  the  basicity  of  the  melt.  The  isolation  of  the  product  is  an 
unrelated  matter.  Corbett  would  probably  be  better  to  have  used  the  anion  HfClg2',  that 
he  used  so  profitably  in  the  isolation  of  Bi  cations,  for  the  reasons  given  below. 
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It  is  significant  within  the  framework  of  this  paper  that  the  two  iodine  cations  Ig*  and 
l3+  were  generated  in  neutral  melts,  i.e.  when  stoichiometric  amounts  of  I2.  ICI  and  AICI3 
were  melted  together  to  give  Cl" :  AICI3, 1 :1  (6),  Using  anodic  oxidation  or  chemical 
oxidation  by  CI2,  Mamantov  (7)  generated  l2+  in  acidic  melts  (AICI3  :  NaCI,  63:37)  but  not 
in  neutral  melts.  This  indicates  that  l2+,  stable  in  acidic  AlC^-rich  melts,  disproportionates 
as  the  base  Cl"  is  added  : 


2I2+  +  2  0" 


cr 

^b 


l2  +  2ICI 


Mamantov  couched  the  explanation  of  his  observed  reactions  in  terms  of 
disproportionation  of  ICI.  This  is  unlikely  since  there  is  nothing  to  suggest  that  I111  is  forming 
by  the  disproportionation  of  I1  in  ICI. 


Mamantov's  work  with  iodine  cations  suggests  that  if  acidic  rather  than  neutral  melts 
had  been  used  in  the  work  with  Cd  and  Br,  cations  species  such  as  Cdn2+  (with  n  >  2)  and 
Bi  cations  with  lower  charge-to-metal  ratios  than  those  isolated,  may  have  been  generated 

STRATEGIES  FOR  GENERATION  AND  ISOLATION  OF  COMPOUNDS  CONTAINING 
UNUSUAL  CATIONS  FROM  MOLTEN  SALTS. 

All-too-otten  in  the  synthesis  of  cationic  compounds  in  melts  and  in  other  media, 
tire  roles  of  acids  or  bases,  oxidants  or  reductants  and  counter-ions  for  isolation  of  the 
required  cations  have  been  confused  or  "telescoped"  inefficiently. 

An  example  drawn  from  fluoride  chemistry  has  been  that  in  the  generation  of 
cations,  SbFg  has  been  used  to  fix  the  acidity  of  the  system,  as  an  oxidant  (thereby 
producing  SbF3)  and  as  the  source  of  anions  such  as  SbFg"  or  Sb2F-|  i"  Not  only  has  this 
multiple  use  of  a  single  reagent  limited  synthetic  control,  but  the  solid  products  have  often 
been  impossible  to  characterize  properly  because  they  contain  involatile  SbF3.  Similarly  in 
work  with  oleums  and  fluorosulfuric  acid,  SO3  and  FISO3F  have  have  used  as  oxidants  and 
to  increase  the  acidity. 

In  work  in  chloroaluminates,  AICI3  has  been  used  to  control  the  acidity  and  to  be 
the  source  of  the  AICI4'  counter-anion  to  the  cation  sought.  One  particular  implication, 
deliberate  or  otherwise,  is  that  "neat”  or  stoichiometric  reacting  proportions  of  oxidant, 
reductant  and  acid  have  been  used,  e.g.  I2,  ICI  and  AICI3  to  give  I5  AICI4  and  I3AICI4. 
Under  these  conditions  the  reacting  system  is  always  neutral,  precluding  the  possibility  of 
obtaining  cations  of  higher  charge  for  polyatomic  non-metals  or  of  lower  charge  for  metallic 
ions.  Mamantov  obtained  l2+  in  acidic  chloroaluminate.  Bi  cations  were  generated  in 
neutral  melts.  New  Bi  cations  might  be  possible  in  acidic  melts. 

To  overcome  these  problems  synthetic  strategies  based  on  at  least  three  steps 
seem  to  be  necessary  : 
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(a)  Adjust  the  acidity  —  It  may  be  necessary  to  work  in  AlClg  (or  some  other  acidic 
melt)  which,  at  the  completion  of  the  reaction,  will  contain  only  that  amount  of 
chloride  ion  which  is  unavoidable  from  the  reaction  conditions. 

(b)  Use  a  simple,  specific  oxidant  or  reductant  —  In  the  case  of  polyatomic  metal 
cation  generation,  use  of  the  metal  itself  is  usually  acceptable  as  a  reductant  for  a 
cation  ot  that  metal  in  a  higher  (“normal")  oxidation  state.  However  cathodic 
reduction  and  anodic  oxidation  are  employed  all-too-infrequently.  In  general, 
electrons  are  the  cleanest  and  best  oxidants  or  reductants.  Voltammetric  oxidation 
and  reduction  are  often  used  to  characterize  species  in  the  melt  —  or,  at  least,  near 
the  electrode.  This  has  dangers  in  that  species  generated  in  the  electrode 
diffusion  zone  may  not  be  capable  of  existence  in  the  bulk  of  the  melt  because  of 
the  level  of  its  acidity  or  basicity.  In  chloroaluminates,  elemental  chlorine  is  a  simple 
oxidant,  easy  to  control  quantitatively. 

(c)  Provision  of  a  neutral  counter-ion  —  As  experience  builds  up,  selective 
precipitants  can  be  identified  e  g.  we  have  established  in  HF  chemistry  that  SiFg2 
and  GeFg2"  and,  to  a  less  extent  Ta2F1 1",  are  excellent  precipitants  for  cations, 
particularly  dispositive  ones  Thus  we  isolated  SmGeFg  as  a  solid  so  insoluble  that 
it  did  not  react  with  atmospheric  moisture  over  a  period  of  several  hours.  Not 
surprisingly,  from  a  lattice-energy  point  of  view,  it  seems  that  di-negative  anions  and 
di-positive  cations  yield  very  insoluble  compounds. 

If  Cdg2+  or  Cd42+  or  polyatomic  cations  ot  Bi  or  other  metals  were  to  be  sought,  it 
would  appear  to  be  profitable  to  reduce  the  "normal”  chlorides  with  the  metal  in 
almost  pure  AlClg  and  then  to  add  an  anion  such  as  HfClg2  ,  SnClg2"  or  TiClg2'  to 
isolate  the  solid  containing  the  new  cation. 


CONCLUSION 

The  primary  aim  of  this  paper  has  been  to  establish  that  solvated  cations  are 
the  normal  species  In  protonic  superacids  and  in  acidic  chloroaluminates  and  that,  as  the 
media  are  made  progressively  more  basic,  the  cations  undergo  disproportionation. 
Discussion  of  the  acid-base  dependence  of  the  stability  ot  cations  has  been  restricted 
deliberately  to  protonic  superacids  and  to  chloroaluminate  melts.  It  seems  highly  probable 
that  the  same  general  principles  apply  to  other  metts,  e  g.  fluorides,  nitrates,  sulfates, 
silicates,  etc. 


One  final  point  that  is  vitally  important  is  the  recognition  that  the  corrollary  ot 
what  has  been  written  here  is  that,  just  as  the  generation  of  unusual  cationic  species  is 
favoured  by  increasing  the  acidity  ot  the  medium,  formation  of  unusual  stable  anions 
occurs  in  basic  media. 

The  best-known  homopolyatomic  anions  are  the  so-called  Zintl  ions,  e  g. 
Sng4',  Pby4  ,  Pbg4',  Sb73'.  Big3',  Big3'  and  Bi73".  Many  of  these  were  postulated  from 
analysis  of  the  solids  obtained  when  alloys  of  Na  and  the  appropriate  metal  were  dissolved 
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in  liquid  NH3.  Subsequently  many  o(  them  were  recovered  more  etticiently  from  the  basic 
medium  ethylenediamine  using  cryptated  Na+  or  K+  as  the  counter-ion,  to  sequester  the 
cation  and  prevent  electron-transfer  from  the  anion  to  the  cation  (27).  Polychalconide 
chain  anions  have  been  isolated  from  extremely  basic  aqueous  solution  with  (CH3)4hl+  as 
the  counter-cation.  The  extreme  case  is  Na‘,  identified  in  NH3  and  ethylenediamine.  and 
crystallized  from  ethylamine  with  cryptated  Na+  as  the  counter-cation  (28). 

The  known  existence  of  Sx2‘  and  S3'  in  amides  is  consistent  with  reports 
that  stable  sulfur-containing  species  in  basic  melts  are  anionic.  Future  investigation  of 
anionic  species  in  melts  would  appear  to  call  for  strongly  basic  media. 
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COMPOSITION  ON  THE  CHEMICAL  PROPERTIES  IN  MOLTEN  HYDROXIDES 
P.  Claes,  G.  Peeters  and  J.  Gilbert 
Catholic  University  of  Louvain,  Department  of  Chemistry 

Place  L.  Pasteur,  1  -  B1348  Louvain-la-Neuve ,  Belgium 

ABSTRACT 

The  chemical  behaviour  of  Sn{IV)  in  the  molten 
NaOH-KOH  eutectic  mixture  at  483  K  and  in  pure  mol¬ 
ten  sodium  hydroxide  at  623  K  has  been  investigated. 

In  the  molten  eutectic  mixture,  Sn(IY)  is  soluble 
(s  <  10_1M)  as  SnO2-  in  basic  medium;  in  acidic  so¬ 
lution,  SnO?-  is  in  equilibrium  with  solid  Na_,SnO, 

(s  =  6.8  +  076. 10"4M)  or  with  SnO  (I  SnO2-]  (  H.,0]  = 

2.9.10'5  mol2/L2)  depending  on  the  water  conceni ra¬ 
tion.  In  pure  sodium  hydroxide  Sn(lV)  is  only  scar¬ 
cely  soluble  as  SnO^  in  basic  solutions,  the  solid 
phase  being  Na4Sn04  (s  <  10-3M);  in  acidic  melts 
the  solid  phase  is^Na2SnO^  probably  in  equilibrium 
with  very  low  concentrations  of  SnO?-  and  SnO^  .  A 
particular  solubility  effect  has  been  observed  in 
the  molten  eutectic  mixture,  Na^SnO^  is  significantly 
riore  soluble  in  basic  than  in  acidic  niel ts . 

1 .  INTRODUCTION 

Recently,  the  chemical  and  electrochemical  properties  of 
various  solutes  in  molten  hydroxides  have  been  extensively 
studied  m  our  laboratory.  Particularly,  we  succeeded  in 
carefully  analysing  the  properties  of  various  solutes  con¬ 
taining  zinc  or  carbonide  elements  in  two  solvents  :  NaOH- 
KOH  (49  M% )  eutectic  mixture  at  483  K  and  sodium  hydroxide 
at  623  K. 

The  investigated  chemical  properties  are  the  stoichiome¬ 
try  and  the  solubility  of  the  dissolved  species,  as  well  as 
their  dependence  on  the  acido-basicity  of  the  melts.  The 
data  described  and  discussed  in  this  paper  are  part  of  the 
results  reported  in  a  very  recent  Ph.D.  thesis  (1)  which 
will  be  published  in  the  near  future.  In  this  contribution, 
we  would  like  to  present  the  chemistry  of  Sn(IV)  containing 
species  which  gives  a  good  illustration  of  the  dependence 
of  chemical  properties  on  the  acido-basicity  of  the  melts 
and  on  their  cationic  composition. 

2.  EXPERIMENTAL 


2.1.  Reagents 


Sodium  hydroxide  and  potassium  hydroxide  used  as  sol¬ 
vents  were  Merck  analytical  grade  reagents.  Potassium  hy¬ 
droxide  contains  15.2  weight%  water  with  a  remarkable  con- 
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stancy . 

Sn(IV)  was  introduced  into  the  melt  as  SnC>2  (A.G.  Merck 
reagent)  or  as  CaSn02-3H20  synthesized  in  our  laboratory. 

2.2.  Acido-basic  properties  of  the  melts 

The  acido-basicity  of  the  molten  eutectic  mixture  was 
measured  by  determining  the  concentration  of  oxide  or  wa¬ 
ter  by  linear  sweep  voltammetry.  At  483  K  and  under  a  light 
stream  of  dry  nitrogen,  the  water  concentration  remained 
constant  during  the  experiments. 

In  the  case  of  molten  sodium  hydroxide,  sodium  oxide  may 
still  be  used  in  order  to  get  basic  media  but  the  acidity 
of  the  melt  must  be  controlled  by  equilibrating  the  liquid 
with  a  gaseous  atmosphere  with  a  known  partial  pressure  of 
water  (2).  Equation  I  1|  relates  the  concentration  of  water 
to  its  partial  pressure  in  the  gas  phase. 

ph2o  =  ,:h2o  ch2o  1  11 

The  Henry's  coefficient  k  _  used  in  this  wor,;  was  determi¬ 
ned  by  Hoyt  (3)  and  yields2  195  mm.Hg.M-1  at  623  K.  Experi¬ 
ments  confirm  this  value. 

2.3.  Experimental  device 

The  melts  were  contained  in  glassy  carbon  crucibles (Car¬ 
bone  Lorraine  VN25) .  The  electrochemical  determinations 
were  carried  out  with  a  P2G5  Tacussel  polarograph  coupled  with  a 
Xi/33  noera  recorder. 

The  counter  electrode  and  the  reference  electrode  were 
coiled  platinum  wires.  The  working  electrode  was  either  a 
plane  bright  platinum  electrode  welded  to  a  low  diameter 
conductor  or  a  cylindrical  electrode  (0.5  mm  and  1  mm  dia¬ 
meter  platinum  wire  respectively  in  NaOH  and  in  NaOH-KOH) 
with  a  variable  immersion  depth  (4). 

2.4.  Measurement  of  the  solubilities 

The  solubilities  were  either  measured  in  situ  by  means  ot  electro¬ 
chemical  techniques  or  determined  by  analyzing  aqueous  solutions  of 
samples  taken  from  the  melt. 

2.5.  Determination  of  the  stoichiometries 

The  stoichiometries  were  characterized  by  accurately 
measuring  the  amounts  of  water  produced  in  acidic  media  or 
the  amounts  of  oxide  ions  consumed  in  basic  media  during 
the  dissolution  of  given  quantities  of  SnO-,  according  to 
equations  (  2)  and  [  31  (5)  . 
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SnO^  +  n  OH 


<->  Sn°2^  +  1  H2° 


Sn02  +  n  O 


2- 


->  SnO 


2n- 

2+n 


I  2] 
[  3| 


The  determination  of  water  and  oxide  ions  have  been  carried  out 
by  linear  sweep  voltammetry  (6). 


3.  COMPARISON  OF  THE  STOICHIOMETRIES  IN  THE  MOLTEN 
EUTECTIC  MIXTURE  AND  IN  MOLTEN  SODIUM  HYDROXIDE 

3.1.  Eutectic  mixture 

The  dissolution  of  tin  dioxide  in  the  basic  eutectic 
mixture  is  a  slow  process;  it  takes  about  30  hours  to  dis¬ 
solve  a  quantity  of  100  mg  Sn02  in  ml  °f  t*ie  ra°lten 

eutectic  mixture.  Figure  1  shows  the  dependence  of  the  con¬ 
centration  of  oxide  ions  on  the  number  of  moles  of  tin  di¬ 
oxide  added  for  1  liter  of  melt.  A  consumption  of  1.04  mole 
of  oxide  ions  for  1  mole  of  Sn02  is  calculated  from  the 
slope  of  the  experimental  straight  line.  According  to  equa¬ 
tion  (4],  the  dissolved  species  is  found  to  be  trioxostan- 
nate  (IV)  : 

Sn02  +  02~  <:r>  SnO2-  I  4] 

The  solubility  of  tin  dioxide  in  acidic  eutectic  mixture 
is  too  slow  in  order  to  yield  reliable  quantitative  results: 
the  electrochemical  detection  of  Sn(IV)  is  impossible  even 
twenty  days  after  the  addition  of  Sn02-  Therefore,  two  dif¬ 
ferent  experiments  have  been  carried  out  : 

-2 

1.  Acidification  up  to  a  concentration  of  water  of  10  f'  of  a 
solution  of  stannate  (IV)  in  a  basic  eutectic  mixture.  The  results 
are  shown  in  figure  2. 

2.  Dissolution  of  CaSnfL.3H„0  in  an  acidic  eutectic  mixture.  The 
time  dependence  of  the  concentration  of  water  is  shown  in  figure  3. 


The  rapid  diminution  of  the  water  concentration  in  figu¬ 
re  2  is  due  to  the  neutralization  of  oxide  ions;  the  slow 
disappearance  of  Sn(IV)  from  the  solution  is  explained  by 
the  formation  of  a  clearly  observable  insoluble  phase.  As 
shown  in  figure  2,  the  precipitation  does  not  consume  or 
produce  any  water;  it  must  be  concluded  that  the  insoluble 
product  is  sodium  or  potassium  stannate  (IV).  In  fact,  an¬ 
hydrous  sodium  stannate  (IV)  was  unambiguously  identified 
by  X  ray  diffraction. 

The  increase  of  the  water  concentration  in  figure  3 
exactly  corresponds  to  the  amount  of  water  contained  in  the  quantity 
of  CaSn0«.3H?0  introduced  into  the  melt.  As  shown  by  x-ray 
di f fraction /the  solid  deposit  was  again  Na^SnO^  •  indicating  an 
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exchange  reaction  of  sodium  ions  for  calcium  ions. 


3.2.  Sodium  hydroxide 

Tin  oxide  is  only  scarcely  soluble  in  basic  sodium  hy¬ 
droxide.  Even  when  Sn02  is  added  to  a  previously  saturated 
solution,  it  reacts  with  the  solvent  as  shown  by  the  ion 
oxide  consumption.  The  molar  concentration  of  oxide  ions 
is  plotted  as  a  function  of  the  added  amount  of  tin  dioxi¬ 
de  per  liter  in  figure  4.  The  number  of  moles  of  oxide  ions 
consumed  per  mole  of  tin  dioxide  introduced  into  the  melt 
is  1.95  clearly  indicating  the  formation  of  tetraoxostanna- 
te  (IV)  in  the  liquid  phase  (s(Sn(IV))  <  10-^M)  and  in  the 
precipitate . 

Sn02  +  2  O2-  SnO^~  Na4Sn04  [  5) 


The  formula  of  the  tin  (IV)  species  in  acidic  sodium  hy¬ 
droxide  was  determined  from  a  water  balance  calculation  ap¬ 
plied  to  the  acidification  of  a  basic  solution  of  Sn(IV). 

If  the  stoichiometry  of  this  species  is  the  same  in  acidic 
and  basic  solutions,  then  the  excess  concentration  of  water 
may  be  directly  calculated  from  the  number  of  moles  of  wa¬ 
ter  added  to  1  liter  of  melt  q)  and  from  the  initial 
concentration  of  oxide  ions  C  2U  : 

0 


r  Add  „ 

H2°  C 


2- 


=  c: 


Exc 

H2° 


I  61 


If  the  number  of  oxygen  atoms  bound  to  the  Sn  atom  is 
reduced  during  the  shift  from  the  basic  solution  to  the 
acidic  melt,  a  complementary  number  of  water  molecules  will 
be  consumed  and  the  excess  concentration  of  water  will  be 
reduced  to  an  extent  related  to  the  change  of  coordination: 


4-  - ( 4-2n ) 

SnO.  +  n  H n0  ,->  Sn  .  '  '  +  2n  OH 

4  2  x—  4-n 


I  7) 


n  may  be  calculated  from  equation  |  81  . 


n 


,Add  „  _  rExc 

H2°  q2-  H20 


CSnO 


4- 

4 


where  C_  4-  is  the  initial  concentration  of  tetraoxostan- 
nate  ( I v )  4  ions  in  the  basic  melt. 

The  experimental  result  for  n  is  0.82  suggesting  that 
SnO^-  is  transformed  to  SnO^-  when  the  melt  is  acidified. 
Tr ioxos tannate  (IV)  is  only  very  scarcely  soluble  in  the 
acidic  melt  and  a  solid  phase  identified  as  Na  ,Sn03  preci- 


pitates .  However,  owing  to  the  weak  solubility  of  Sn(IV)  in 
acidic  solution,  it  is  impossible  to  state  whether  the  dis¬ 
solved  species  is  SnO^-  or  SnO4-  or  a  mixture  of  these  ions 

3.3.  Discussion 

With  regard  to  a  comparison  of  the  investigated  solvents 
the  results  described  in  this  section  point  out  that  oxo- 
anions  with  a  higher  coordination  number  are  generated  in 
sodium  hydroxide.  This  is  summarized  in  figure  5. 

As  far  as  an  isolated  complex  or  molecular  species  is 
concerne  i,  a  temperature  increase  is  favourable  to  a  reduc¬ 
tion  of  the  coordination  number.  Thus,  a  larger  coordina¬ 
tion  number  at  a  higher  temperature  implies  that  the  abso¬ 
lute  basicity  is  stronger  in  sodium  hydroxide  than  in  the 
molten  eutectic  mixture. 

The  difference  of  absolute  basicity  between  both  sol¬ 
vents  is  due  either  to  the  temperature  difference  or  to  the 
cationic  composition  of  the  melts.  It  is  worthy  of  note 
that  if  the  cationic  composition  of  the  liquid  is  the  rea¬ 
son  for  the  coordination  change,  then  the  acido-basic  pro¬ 
perties  of  molten  hydroxides  would  exhibit  a  mixed  alkali 
effect.  Indeed,  although  the  acidity  of  molten  alkali  hy¬ 
droxides  increases  from  cesium  to  lithium,  the  molten  eu¬ 
tectic  mixture,  instead  of  having  an  intermediate  acidity, 
would  be  more  acidic  than  its  two  pure  molten  components. 

Chemical  properties  in  the  molten  eutectic  mixture  at 
623  K  are  now  being  investigated  in  our  laboratory,  and  we 
hope  that  a  definite  answer  to  this  question  might  very 
soon  be  available. 

4.  SOLUBILITY  OF  SN(IV) 

4.1.  Eutectic  mixture 

2- 

Sn(IV)  is  soluble  as  SnO^  in  the  basic  eutectic  mixture 
(s  >  10~*M);  when  the  solution  is  acidified,  precipitation 
occurs.  The  peak  intensity  of  the  linear  sweep  voltammogram 
for  the  reduction  of  Sn(IV)  was  measured  as  a  function  of 
the  water  concentration  of  the  melt.  The  results  are  shown 
in  figure  6;  the  concentration  of  Sn(IV)  remains  constant 
up  to  a  concentration  of  water  CH  0  =  afterwards 

the  peak  intensity  decreases  2-^  with  the  water  concen¬ 
tration.  The  solubility  of  SnO,  was  measured  by  analysing 
samples  taken  from  the  solution.  A  value  of  ( 6 . 8±0 . 6) 10~4M 
was  found  for  the  low  water  concentration  region. 

4.2.  Molten  sodium  hydroxide 

4- 

Sn(IV)  is  only  slightly  soluble  as  SnO.  in  basic  molten 
sodium  hydroxide  (s  <  .  When  the  melt  was  acidified, 
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4- 

SnO^  and  solid  Na^SnO^  were  changed  into  insoluble  Na2Sn03. 
The  concentration  of  Sn(IV)  in  acidic  solution  was  lower 
than  the  limit  of  detection  of  the  analytical  technique 
(s  <  10'^M);  it  was  impossible  to  state  whether  Sn(IV)  was 

dissolved  as  SnO2-  or  as  SnO, . 

3  4 

4.3,  Discussion 

The  pH^O  independence  of  the  solubility  of  Sn(IV)  in  the 
slightly  acidic  region  (fig.  6)  indicates  that  SnO?~  is  in 
equilibrium  with  solid  Na^SnO,  in  the  molten  eutectic  mix¬ 
ture.  1  J 

2- 

The  equilibrium  concentrations  of  Sn03  and  H20  in  the 
non-constant  solubility  region  are  in  good  agreement  with  a  solubil¬ 
ity  constant  defined  by: 


Kg  =  !  SnOg']  [  H20]  I  91 

Consequently,  the  following  precipitation  equilibrium  occurs: 

2- 

Sn03  +  H20  Sn02  +  2  OH  (101 

4 

The  mean  value  of  the  K  calculated  for  the  experimental 
points  is  (2.9)  10-5  moi2/L2 .  Depending  on  the  pH20  of  the 
liquid,  the  dissolved  SnO2-  ion  is  thus  in  equilibrium  with 
two  different  solid  phases  :  SnCh  at  C„  .  >  4.10_2M  and 
Na2Sn03  at  CH  Q  <  4.10_2M.  H2° 

In  the  case  of  sodium  hydroxide,  the  shift  from  the 
Na2Sn03  solid  phase  in  acidic  melts  to  the  Na.SnO.  precipi¬ 
tate  in  basic  melts  implies  an  equilibrium  between  SnO?~ 
and  SnO^-  species  in  the  liquid  phase  with  limiting  concen¬ 
trations  prescribed  respectively  by  the  solubilities  of 
Na2SnC>3  and  Na^SnO^.  The  low  solubilities  of  these  com¬ 
pounds  preclude  an  accurate  determination  of  the  limiting 
concentration  and  hence  a  more  quantitative  description  of 
these  phenomena. 

Another  point  of  interest  is  the  much  higher  solubility 
of  sodium  trioxostannate  in  the  basic  eutectic  mixture  than 
in  the  acidic  melt.  Similar  trends  in  solubility  involving 
the  same  dissolved  and  precipitated  species  have  been  ob¬ 
served  in  both  solvents  for  various  solutes  (1).  Such  chan¬ 
ges  which,  at  our  knowledge,  have  never  been  described  in 
the  literature  mightof  course  not  be  explained  by  classical 
equilibrium  laws.  A  tentative  explanation  might  eventually 
be  found  in  a  destabilization  of  the  liquid  quasi-lattice 
by  water  molecules  leading  to  the  precipitation  of  the  most 
labilized  species.  Such  a  mechanism  is  to  be  compared  with 
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the  "salt  effect"  which  occurs  in  molecular  solvents  and 
might  be  called  a  "reverse  salt  effect". 
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ABSTRACT 


The  optical  basicities  in  some  halide  compounds  and  in 
oxide  -  halide  systems  such  as  CaO  -  CaF2  »  CaO  -  CaCl2 
systems  have  been  measured  using  photoacoustic  spectro¬ 
scopy  in  order  to  examine  an  application  of  the  optical 
basicity  concept  for  oxide  -  halide  systems.  The  optical 
basicities  measured  in  this  study  were  compared  with  the 
values  of  the  theoretical  optical  basicity  based  on  the 
concept  of  the  average  electron  density  (D) .  The  optical 
basicities  mesured  were  in  agreement  with  the  theoretic..! 
optical  basicities  in  CaO  -  CaF2  and  CaO  -  CaCl2  systems. 
On  the  other  hand,  two  values  of  the  optical  basicity 
were  obtained  from  the  sample  in  CaO  -  NaCl  system.  One 
of  them  was  considered  to  correspond  to  the  optical 
basicity  of  CaO. 


INTRODUCTION 

The  basicity  in  slags,  salts  and  glasses  is  an  important  concept 
when  considering  the  reactivity  of  those  melts  from  a  point  of  view 
acid  -  base  behaviour.  A  number  of  expressions  r.-'d  models  for 
basicity  have  been  proposed  over  the  years ( 1 ) - ( 3) .  The  concept  of 
capacity  summarized  by  Wagner  played  a  distinct  role  in  understanding 
the  basicity  of  metallurgical  slags(4).  Duffy  and  Ingram  tried  to 
define  the  basicity  of  oxyacids  and  salts  from  the  concept  of  Lewis 
basicity  and  proposed  the  optical  basicity ( 5 ) — ( 8 ) . 

The  scale  of  the  optical  basicity  was  set  up  by  the  nephe lauxe t  ic 
effect  in  the  outer  s  and  p  orbitals  of  probe  ions  such  as  Tl+,Pb^+ 
and  Bi^+  and  was  normalized  with  the  optical  basicity  of  CaO  which 
is  unity.  The  theoretical  optical  basicity  based  on  the  Pauling 
type  electronegativity  and  a  calculation  method  of  it  in  the  multi¬ 
components  were  also  proposed  by  Duffy  and  Ingram(b) .  Since  the 
values  of  the  theoretical  optical  basicity  showed  a  good  agreement 
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with  the  values  of  the  optical  basicity  measured  in  oxyacids,  the 
theoretical  optical  basicity  has  been  applied  to  the  metallurgical 
slags(9)-( 1 1 ) .  However,  the  values  of  the  theoretical  optical 
basicity  of  transition  metal  oxides  could  not  be  calculated.  A  new 
scale  of  the  theoretical  optical  basicity  was  defined  by  two  of  the 
authors  using  the  concept  of  the  average  electron  density! 12)  to 
overcome  this  difficulty  (13).  It  is  also  possible  to  calculate  the 
theoretical  optical  basicities  of  the  multi-component  systems 
containing  even  halides  using  a  new  scale.  Therefore,  the  optical 
basicities  of  alkali  halides  and  alkaline  earth  oxide  -  halide 
systems  were  measured  to  determine  whether  the  new  theoretical 
optical  basicity  can  be  used  as  a  scale. 


EXPERIMENTAL 


Sample  Prepartion 

All  samples  were  made  from  extra  high  purity  grade  alkali  or 
alkaline  carbonates  and  halides  which  were  anhydrous.  The  pre¬ 
parations  such  as  mixing  the  samples  were  carried  out  in  the  dry 
box . 

The  glassy  samples  doped  with  1.0x10"^  -  1.0x10”^  mass%  PbO 
were  prepared  for  measuring  the  optical  basicity.  These  glasses 
were  melted  in  Pt  or  alumina  crucible  at  1273  -  1873K,  depending 

on  the  melting  point.  After  melting,  the  melts  were  quenched  by 
double-roll  technique. 

Photoacoustic  Spectroscopy 

UV  spectra  of  samples  due  to  Pbs-p  transition  were  measured 
on  an  edt-OAS  400  photoacoustic  spectrometer.  The  wavelength  of 
this  spectrometer  ranges  from  the  ultraviolet  to  far  infrared  region. 
A  schematic  diagram  is  shown  in  Fig.l.  It  has  two  locked-in 
amplifiers  and  a  mechanical  chopper  which  covers  the  modulation 
frequency  from  20  Hz  to  240  Hz.  Tne  cell  is  constructed  from 
aluminum,  with  a  fused  silica  widow.  The  photoacoustic  signal 
is  detected  with  a  high  sensitive  microphone  which  is  located  at 
the  back  of  the  cell.  The  photoacoustic  signals  are  recorded  with 
a  micro  computer  and  displayed  on  a  X-Y  recorder. 


RESULTS  AND  DISCUS ION 

Theoretical  Optical  Basicity  Based  on  The  Average  Electron  Density 

A  new  scale  of  the  theoretical  optical  basicity  was  established 
by  means  of  the  concept  of  the  average  electron  density  instead  of 
the  Pauling  type  electronegativity.  The  basicity  moderating 
parameters  of  the  new  theoretical  optical  basicity  have  a  linear 
relationship  with  the  average  electron  density  values,  as  shown  in 
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equat ion  ( 1 ) ( I  3) . 


•v  =  1  .  34  •  (  D  +  0.6  )  (1) 

The  average  electron  density  was  defined  as  equation  (J).(l'J) 

Z 

D  =  a  —  (2) 

where  u  :  a  parameLet  due  to  anion 
Z  :  valence  of  cation 

r  :  inter  ionic  distance  between  anion  and  cation 

The  selected  values  of  the  theoretical  optical  basicity  are  shown 
in  Table  1.  The  optical  basicity  values  of  transition  metal  oxides 
couici  oe  found  in  Table  !,  which  were  not  able  to  be  calculated 
from  the  Pauling  type  electronegativity.  The  values  of  acidic  oxides 
such  as  SiO^  and  PjOj  in  Table  I  are  very  close  to  the  values  of  the 
theoretical  optical  basicity  by  Duffv  and  T^ram.  On  the  other  hand, 
the  values  of  K)0,  NajO  and  BaO  in  Table  1  are  lower  than  those  by 
Duffy  and  Ingram.  Although  the  optical  basicity  of  GeO^  is  higher 
than  that  of  Si02  in  the  theoretical  optical  basicity  scale  by  Duffy 
and  Ingram,  the  contrary  order  is  obtained  in  the  new  scale.  The 
optical  basicity  values  in  germanate  systems  measured  by  Sumita 
et  al(I4)  were  smaller  than  those  in  silicate  systems.  Therefore, 
it  is  considered  that  the  theoretical  optical  basicity  based  on  the 
average  electron  density  is  better  than  that  based  on  the  Pauling  type 
e  lect rone gat ivity. 

Optical  Basicity  in  Oxide  -  Halide  Systems 

The  concept  of  the  optical  basicity  could  apply  to  not  only 
oxiacid  systems  but  also  halide  svstems(5).  Angell  and  Benett 
measured  the  optical  basicity  of  choride  melts  and  reported  that 
the  change  of  optical  basicity  values  corresponded  to  that  of 
act ivity ( 1 5) .  Bruce  and  Duffy  also  measured  the  optical  basicity 
in  fLuoride  systems  and  demonstrated  a  possibiltv  to  use  the 
optical  basicity  for  a  basicity  scale  in  fluoride  -  oxide  systems. 
However,  they  have  not  presented  the  theoretical  optical  basicity 
values  of  halide  compounds  which  are  able  to  use  even  in  the  oxide 
-  halide  sys terns ( I  6) ( 1 7) . 

The  theoretical  optical  basicity  values  of  alkaline  earth 
fluoride  and  chloride  compounds  were  obtained  using  equations  (1) 
and  (2).  Since  the  values  of  oi  were  necessary  to  calculate  the 
optical  basicity  values  in  the  systems,  those  values  were  decided 
by  the  optical  basicity  values  of  CaF2  and  CaCl2  respectively  which 
were  calculated  from  the  Pbs-p  spectra  peaks  measured  by  photoacoust ic 
spec troscopy . ( 1 3)  The  results  are  shown  in  lable  2.  Generally 
speaking,  the  optical  basicity  values  of  chloride  systems  are  larger 
than  those  of  fluoride  systems.  The  optical  basicity  in  oxide  - 
halide  systems  were  calculated  using  the  same  technique  in  the  multi- 
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components  oxide  systems,  bv  means  of  equation  (3)  and  (4). 


A  =  ::(  A i  •  X i )  (3) 

i 

(Vi/2) • • Ni 

Xi  =  -  (4) 

A (Vi/2)  *  n i • N i 
i 

Xi  :  theoretical  optical  basicity  of  i  component 
Vi  :  valence  of  anion  in  i  component 
ni  :  of  anion  in  i  component 

Ni  :  mole  fraction  of  i  component 

The  values  of  the  optical  basicity  in  CaO  -  CaFj  system  were 
measured  in  order  to  compare  with  the  theoretical  optical  basicity. 
Pbs-p  spectra  of  glassy  samples  in  CaO  -  CaFj  systems  are  shown  in 
Fig. 2.  X-ray  diffraction  technique  was  used  for  a  confirmation  of 
glassy  state  of  the  samples.  250  nm  was  obtained  as  a  peak  wave 
length  of  pure  CaFj.  Although  the  Pbs-p  spectra  were  not  sharp, 
the  peak  shift  was  clearly  observed.  The  wave  length  of  peak  shifted 
to  long-wave  length  side  when  increasing  the  CaO  content  in  the  CaO 
CaFj  system.  The  change  of  the  measured  optical  basicity  values  with 
CaO  content  is  shown  in  Fig. 3  with  that  of  the  theoretical  optical 
basicity.  Both  of  them  increase  with  an  increase  of  CaO  content.  The 
measured  values  show  a  good  agreement  with  the  theoretical  values. 

The  same  plots  in  CaO  -  CaCl2  system  are  shown  in  Fig. 4.  Although 
the  differences  between  both  measured  and  theoretical  values  increase 
with  increasing  CaO  content,  both  values  increase  also  with  increasing 
CaO  content  as  in  Fig. 3.  It  is  understood  from  the  results  of  Fig. 3 
and  4  that  the  theoretical  optical  basicity  calculated  from  the 
average  electron  density  can  work  as  a  basicity  scale  in  CaO  -  CaFj 
and  CaO  -  CaClj  systems. 

The  optical  basicity  values  of  alkali  chloride  compounds  were 
measured  by  the  same  method.  The  results  are  shown  in  Table  3  with 
the  theoretical  values  calculated  by  equations  (1)  and  (2)  using  a  = 
4.9.  Although  a  difference  of  absolute  value  between  the  measured 
and  theoretical  values  exists,  the  theoretical  values  qualitatively 
correspond  to  the  measured  values  as  the  basicity  increases  in  order 
of  LiCl  ■  NaCl  <  KC1 .  It  also  indicates  a  possibilty  of  the  application 
of  the  theoretical  optical  basicity  in  alkali  chloride  svstem. 
Furthermore,  the  optical  basicity  in  CaO  -  NaCl  system  as  measured. 
Samples  were  melted  at  1673  K  and  quenched  by  double-roll  technique 
since  no  phase  diagram  is  available  for  this  svstem.  After  checking 
the  samples  by  X-ray  diffraction  method,  a  broad  diffraction  pattern 
of  CaO  was  obtained  even  in  NaCl  +  5  mol%  CaO  sample.  It  is  suggested 

that  a  solubility  of  CaO  in  NaCl  melt  is  very  small  at  1673  K. 

A  typical  Pbs-p  spectrum  is  shown  in  Fig. 5  with  Pbs-p  spectrum  of 
nure  NaCl.  Two  peaks  were  observed  in  the  range  of  200  -  400  nm, 
lower  peak  at  266  nm  and  a  higher  one  at  343  nm.  The  lower  peak  is 

considered  to  correspond  to  the  basicity  of  NaCl  rich  melt,  while 
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the  higher  peak  to  the  basicity  of  CaO  which  is  about  unity.  It  is 
estimated  that  the  probe  ions,  Pb^+,  occupy  two  sites,  one  is 
the  position  which  expresses  the  basicity  of  NaCl  rich  melt  and  the 
other  is  the  basicity  of  CaO. 

CONCLUSION 

The  optical  basicity  in  CaO  -  CaF2»  CaO  -  CaCl2i  alkali  chloride 
and  CaO  -  NaCl  systems  was  measured  using  photoacoustic  spec t i o&cupy . 
The  measured  values  of  the  optical  basicity  showed  a  qualitative 
agreement  with  the  calculated  values  from  the  average  electron 
density.  Therefore,  the  theoretical  optical  basicity  based  on 
the  average  electron  density  could  work  as  a  wide  range  basicity 
scale  in  some  oxide  -  halide  systems. 
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TabLe  1.  The  selected  values  of  the  basicity  moderating  parameter  and 
the  theoretical  optical  basicity  in  oxide  compounds. 


Compound 

CuO 

B2Oj 

ai2o3 

Fe203 

Cr2Oj 

as2o3 

Sb203 


Compound  1 

Y 

A 

Li20 

0.95 

1.05 

Na20 

0.91 

1  .  10 

K20 

0.87 

1.15 

Rb20 

0.86 

1  .  16 

Cs20 

0.85 

1  .18 

MqO 

1.09 

0.92 

CaO 

i  .00 

1.00 

SrO 

0.96 

1.04 

BaO 

0.93 

1.08 

MnO 

1.05 

0.95 

FeO 

1.07 

0.93 

CoO 

1.07 

0.9  3 

Nio 

1.14 

0.87 

ZnO 

1  .13 

0.89 

Table  2. 


The  values  of  the  theoretical  optical  basicity  in  alkaline 
earth  t  luoride  and  chloride  compounds. 


Compound 

Y 

A 

MgF2 

1.82 

0.55 

CaF2 

1.49 

0.67 

* 

SrF2 

1.33 

0.75 

BaF  2 

1.25 

0.80 

MgCl2 

1.59 

0.63 

CaCl  2 

1.39 

0.72 

* 

SrCl2 

1.28 

0.79 

BaCl2 

1.20 

0.83 

•measured 

Table  3.  The  values  of  the  theoretical  optical  basicity  in  alkali 
chloride  compounds. 


Compound 


measured  calculated 
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INFRARED  REFLECTION  SPECTRA  OF  AICI3  -  MCI2 
(M  =  Mg,  Ca,  Sr,  Ba,  Mn  and  Zn)  AND  OXOCHLOROALUMINATE  MELT'S 

Mari-Ann  Einarsrud  and  Erling  Rytter 

Institute  of  Inorganic  Chemistry,  The  Norwegian  Institute  of  Technology. 
University  of  Trondheim,  N-7034  Trondheim-NTH,  Norway. 


ABSTRACT 

Infrared  (IR)  reflection  spectra  have  been  recorded  of  melts 
in  the  systems  MgCl2-AlCl3,  CaClv-AlCI3,  SrCIv- AICI3. 
BaCl2-AlCI3,  MnCl2-AICI3,  ZnCl2-AICT3  as  well"  as  of 
molten  oxochloroaluminates.  In  mixtures  of  A!CI3  with 
MgCI2  or  MnCl2,  AICI4  acts  as  both  a  tri-  and  b’identate 
ligand  towards  M  ,  whereas  in  the  ZnCI2-AlCI3  system 

only  C2v  perturbation  of  AICI4  has  been  found.'  These 
melts  are  considered  to  contain  essentially  neutral  species.  In 
the  more  ionic  CaCl2,  SrCIv  and  BaClv  systems,  both 

perturbed  and  unperturbed  AICI4  are  present  The 

magnitude  of  the  observed  splitting  of  the  antisymmetric 
stretching  vibration,  v3(F2),  for  both  C2v  and  C3v 
perturbation  of  AICI4  show  an  approximately  linear 

dependence  on  the  ionic  potential  of  the  cation,  z.  rc. 
Splitting  of  the  antisymmetric  stretching  vibration  of  the 
symmetric  A1CI3  top  for  ANCI7  indicates  a  bent  CI-AI-C! 
bridge,  probably  stabilized  by  interactions  with  the  divalent 
cations.  The  oxochloroaluminate  compound  NaAlvOClj  has 
been  synthesized.  Infrared  spectra  have  been  recorded  of 
molten  NaAI2OCIj  and  mixtures  with  A!CI3.  The  complex 
ion  A^C^CI^g  is  proposed  to  be  present  in  molten 
NaAl2OCI5. 


INTRODUCTION 


From  previous  spectroscopic  and  electrochemical  measurements  chloroaluminate 
melts  are  considered  to  contain  the  species:  AICI4,  AKCI7,  higher  polymers  as 
for  instance  A13CI|q  and  AI2CI^  as  the  concentration  of  A1C13  increases  (1-4). 
Due  to  experimental  difficulties  only  a  few  infrared  measurements  of  high 
temperature  molten  salts  are  reported  in  the  literature  (1,5).  A  number  of 
Raman  measurements,  however,  have  been  carried  out  (6). 
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The  four  fundamental  frequencies  observed  for  tetrahedral  AICI4  in  CsAICIj  by 
Raman  spectroscopy  are  (2): 

V|(A|)  =  344  cm'1  (symmetric  stretch) 

v->(E)  =  120  cm'1  (bend) 

v3(F-,)  =  483  cm'1  (antisymmetric  stretch) 

v^F-i)  =  178  cm"1  (bend). 

From  infrared  measurements  the  following  frequencies  are  observed  by  Hvistendahl 
cl  al.  (1,7)  182,  346  and  474  cm'1.  The  V|(Aj)  mode  is  observed  even  though 
it  should  be  inactive  in  the  infrared  for  a  regular  tetrahedron. 

A  correlation  diagram  for  the  activation  and  splitting  of  the  fundamental 
frequencies  from  AlCI^  (T^)  to  C2v  and  CV,  symmetry  is  given  in  Table  1 
Only  one  of  the  two  F-,  fundamentals  for  the  regular  tetrahedron  is  included  in 
the  table. 

Table  I.  Correlation  diagram  applicable  to  the  vibrational  modes  of  AICI4  with 
Td,  C2v  and  C3v  symmetry. 


a  .i3«a:  ■  -  ■£  »-.-  i.p#  5; 


Q  ....  ° 

•  0  B-;;R Rq;  —  :>•;  -<  -  O 

0  ®  p  tin  Pc'  ■  "  '  '  (5 


If  two  of  the  chlorines  in  AICI4  are  different  from  the  other  two  the  ion  will 
have  C2v  symmetry.  From  the  table  it  is  seen  that  the  v3(F-,)  frequency  will 
split  into  three  frequencies  (Aj,  Bj  and  B2)  and  the  v j ( A  f )  frequency  will  be 
activated  in  the  infrared.  On  the  other  hand,  if  only  one  of  the  chlorines  in 
AICI4  Is  different  from  the  others,  the  symmetry  of  the  anion  is  C3x.  and  the 
v3(F2)  mode  will  split  into  two  species  (A]  and  E)  and  the  totally  symmetric 
V|(Aj)  frequency  will  be  activated.  From  Raman  (6)  and  infrared  (1.5) 
measurements  on  AlkCl-AlClj  (Aik  =  alkali)  melts  only  small  perturbation  from 
the  ideal  tetrahedral  structure  of  AlCiq  is  found.  Rytter  cl  al.  (2)  have  proposed 
a  D3[j  symmetry  for  M2Cly  in  these  systems.  However.  Hvistendahl  cl  al.  (1) 
observed  a  splitting  of  the  v|  j ( Eu)  band  for  AI2CI^  (D3(j)in  molten  LiAl2Cl  7 .  The 
splitting  was  interpreted  as  a  stabilization  of  a  bent  bridge  for  LiTANCI^. 

For  the  melts  studied  in  this  work  large  perturbations  of  the  AICI4  and  AI1CI7 
anions  are  expected  due  to  interactions  with  the  divalent  cations  present.  Higher 
polymers  as  AIjCIJq  are  not  likely  to  be  present  in  these  melts  as  cations  with  a 
large  ionic  potential  probably  are  able  to  distort  any  polymers. 


This  assumption  is  verified  by  the  Raman  spectra  of  ZnCU-AlClj  melts  where 
mainly  ZnC^  and  A^Cl^  were  considered  to  be  present  (8).  In  SnCl-.- AICU 
melts  a  Raman  splitting  of  has  been  reported  (9.10). 

The  spectra  were  recorded  on  a  Bruker  113v  FT1R  Interferometer  employing  a 
closed  diamond  windowed  cell  as  described  previously  (II).  The  nominal 
resolution  of  the  spectra  is  8  cm-1. 


ALKALINE  EARTH  CHLORIDE  OR  TRANSITION  METAL  CHLORIDE  - 
ALUMINIUM  CHLORIDE  SYSTEMS 


MnCI2-AICI} 

In  analogy  with  the  Mg  system  (12)  Fig.  1  indicates  that  both  the  C->v  and  C->% 
configurations  of  AICI4  are  present  in  the  Mn  system.  The  frequencies  400,  488 
and  574  cm"1  are  supposed  to  reflect  the  splitting  of  the  antisymmetric  stretch. 
VjfFj)  of  the  tetrahedral  AlClj,  upon  perturbation  from  T^  to  C->v  symmetry,  and 
the  strong  bands  at  574  and  450  cm"  have  their  origin  in  descent  in  symmetry 
from  Tj  to  Cjv  svmmetry.  The  appearance  of  the  totally  symmetric  stretch. 
V|(A|),  at  339  cm'1  verifies  that  distortions  do  take  place. 

The  degeneracy  at  574  cm'1  deserves  a  comment.  A  parallel  situation  was  found 
for  molten  MgClj-AlCI^  mixtures  (C->v:  573,  498  and  404  cm"'  and  Cjv:  573  and 
452  cm'1)  (12)  and  for  solid  TiAKClg  and  TiAUCIg  ■  6C^H^  with  known 
structures  (C2V:  554,  504  and  442  cm'')^and  (Cjv:  552  and  446  cm" 1 )  (13).  It  is 
intriguing,  however,  that  the  degeneracy  is  found  for  all  MCK-AICI-,  mixtures  and 
that  the  resulting  band  is  fairly  sharp. 

For  the  Mn  system,  it  is  proposed  that  the  strong  polarizing  power  of  the 
manganese  cation  stabilizes  a  bent  (Cs)  structure  rather  than  a  linear  (D^j) 
structure  of  AI7C7. 


This  interaction  is  manifested  by  the  observed  splitting  of  Vj](Eu)  from  530  cm" 
for  molten  KAI2CI7  (Fig.  4)  to  589  and  493  cm"1  upon  perturbation  from  to 

Cs  symmetry.  The  observed  splitting  for  Mg“+- AI-1CI7  is  596  and  500  cm"1  and 
for  Li+-Al2Cl7  570  and  506  cm'1  (Fig.  4).  Thus,  the  counterions  with  high 
charge/radius  ratio  strongly  perturb  both  the  symmetric  Cl-AlCl^  tops  of  AKCI7. 
An  alternative  structure  to  the  figure  above  is  that  two  cations  perturb  each 
A^CIj-entity  of  AI2CI7.  At  higher  aluminium  chloride  concetrations.  strong 

bands  of  A^CIg  at  617,  475,  412  and  318  cm'1  appear. 
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ZnCl2-AlCl3 


The  Z11CI2  system  (Fig.  2)  is  distinctly  different  from  other  chloroaluminates 
investigated  in  our  laboratory.  The  spectra  are  interpreted  in  terms  of 

superpositions  of  the  spectra  of  perturbed  AICI4  and  A^Clg.  For  A1CI4  the 

V3(Fj)  is  split  into  three  dominant  bands  (389,  483  and  589  cm"*),  indicating  only 
a  C2v  perturbation  from  the  tetrahedral  model.  Due  to  the  almost  equal  Lewis 
acidity  of  AICI3  and  ZnC^,  the  molecular  species  Zn(AlCI4)2  and  Al2Clg  probably 
are  present  in  the  melts.  The  proposed  structure  for  the  Zn-complex  is: 


Begun  el  at.  (8)  have  recorded  Karnan  spectra  of  the  same  mixtures.  They 
interpreted  the  spectra  as  ZnCle  aggregates  and  AleClg,  and  they  concluded  that 
no  appreciable  amounts  of  the  anions  AICI4,  A^CI^  or  ZnCI4"  were  formed  in 
any  of  the  samples.  The  authors  found  two  bands  in  the  Al-CI  stretching  region 
at  592  and  490  cm"1  (608  and  512  cm'1  in  pure  AICI3)  and  assigned  them  to 
A^Cl^.  These  frequencies  correspond  to  the  bands  at  589  and  483  cm"*  observed 
in  this  work. 


The  authors  also  observed  the  following  trends  which  they  could  not  explain:  (1) 
Tt,«  "<■  110  attributed  to  AUCl^  decreased  with  the 


The  intensity  of  the  band  at  119  cm 


concentration  of  AICI3  in  the  melts  (2).  The  disproportionate  decrease  in  the 
intensity  of  the  341  cm"*  band  relative  to  the  512  cm"’  peak.  These  two 
observations  are  expected  when  the  melts  are  considered  to  contain  Zn(AlCI4U 
(with  local  symmetry  C2V  for  A1C14)  and  A^CIg.  A  reassignment  of  the  Raman 
data  is  included  in  Table  2. 


Only  two  of  the  three  antisymmetric  stretching  bands  originating  from  C-.v 
perturbed  A1C14  are  observed  in  the  Raman  spectra.  The  band  at  490  cm"*  has*”a 
higher  intensity  in  the  Raman  spectra  than  the  band  at  592  cm"*  and  probably  is 
the  symmetric  mode  A|.  This  interpretation  has  been  verified  by  normal 

coordinate  calculations  (15).  The  band  should  be  polarized  in  Raman  as  observed 

by  Begun  el  at.  (8).  As  further  verification  of  the  new  melt  model  for  the  Zn 

system  a  band  at  ca.  310  cm"’  has  been  reported,  even  in  a  basic  melt.  This 

band  is  in  agreement  with  the  dominant  v^(Ajg)  band  for  AI-1CI7  (2).  The 
presence  of  A^Cl^  in  a  formally  basic  melt  indicates  almost  equal  Lewis  acidity 
of  ZnC^  and  AICI3. 


SnCI  2-AICI 3 

Taulelle  and  Gilbert  cl  al.  (9,  10)  have  measured  Raman  spectra  of 
SnC^-AIC^-mixtures.  From  a  spectrum  of  an  acidic  melt  (71  mol%)  they 

concluded  that  the  ^3^)  of  AICI4  was  split  into  three  frequencies  at  425,  480 
and  575  cm"*.  Only  the  band  at  425  cm"1  was  shown  to  be  polarized. 

An  alternative  interpretation  (see  Table  2)  is  supported  by  the  polarized  band  at 
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ca.  310  cm'1  present  in  the  reported  spectrum.  In  previous  Raman  investigations 
(2)  of  chloroaluminate  melts  polarized  bands  at  ca.  310  and  430  cm"1  were 
assigned  to  AI2CI7.  Thus  an  alternative  interpretation  of  the  band  observed  at 
425  cm'1  is  Vj(A|g)  of  AI2CI7.  This  conclusion  is  confirmed  by  the  fact  that 
the  £>2  antisymmetric  stretching  component  of  C2V  perturbed  AICI4  was  not 
observed  by  Begun  et  at.  (8)  for  the  ZnCl2-system,  but  was  found  in  the 
corresponding  1R  spectrum.  The  polarized  band  of  the  three  V3  components  in 
C 2V  symmetry  (B(,  A(  and  B2)  is  predicted  from  theoretical  calculations  (15)  to 
be  the  one  in  the  middle.  The  polarization  observed  by  Taulelle  and  Gilbert  el 
at.  (9,10)  appears  not  to  be  in  agreement  with  this  prediction.  However,  as  the 
origin  in  the  unperturbed  AICI4  is  a  depolarized  band,  the  Aj  component  is 
expected  only  to  be  slightly  polarized. 


Table  2.  Assignment  of  IR  and  Raman  frequencies  observed  in  the  ZnCU-AlCI^ 
and  SnC^-AIClj  systems. 


IR 

Ramana 

Raman^ 

IR 

Ramanf 

ai2ci6 

Zn 

Zn 

Sn 

Al-iCl^ 

a12ci6 

67  % 

80  % 

70  % 

90  % 

71  % 

AICI3 

AICI3 

AICI3 

AICI3 

AICI3 

vI8<B2u) 
v7  (B,  ) 

144 

165 

165 

145 

166 

v9  (Blu> 
v3  <Ag> 

V1  7<b3u) 

173 

218 

218 

178 

218 

312 

316 

340 

339 

316 

341 

v2  (Ae> 
v,3(B2Bu) 

409 

408 

500 

410 

512 

V1  (Ag) 

v16(b3u> 

474 

605 

473 

610 

V1  l(B2g> 

V[  (A.) 

u8  <Blu> 

612 

614 

M(A1CI4)2 

v4(E) 

170 

170 

165 

V)(A  | ) 

335 

334 

340 

340 

341 

v3(B2’C2v> 

389 

385 

v3(a1’C2v> 

483 

492 

490 

480 

v3(B1’C2v> 

589 

590 

592 

575 

aBegun  et  at. 

(8),  ^Taulelle  and 

Gilbert  cl 

at.  (9,10), 

rTomita 

et  at. 

(14). 

Perturbations  of  AICI4 

Perturbations  of  AICG  and  AI2CI7  by  interactions  with  the  cations  K+,  Li+, 
Ba^+,  Sr  ,  Ca  ,  Mg^+,  Mn^+  and  Zn^+  are  studied  as  the  ionic  potential  of 
the  cations  changes.  Introduction  of  polarizability  gave  poorer  correlations. 


395 


whereas  shielding  only  has  been  considered  qualitatively. 

Spectra  of  AlkAIC^  (Aik  =  Li,  K.),  M(AlCl4>2  =  Ba,  Ca,  Mn  and  Zn)  and 
30  moI%  MgClj^O  mol%  AICI3  are  compared  in  Fig.  3.  For  the  Ca.  Sr  and 
Ba  mixtures  the  spectra  are  interpreted  in  terms  of  unperturbed  AICI4  observed 
as  the  intense  bands  at  459,  470  and  471  cm'1,  respectively,  in  addition  to 
AICI4  perturbed  by  the  cation.  In  analogy  with  the  Mg  and  Mn  systems  a  C3V 
type  of  perturbation  dominates,  cf.  Table  3. 


Table  3.  Observed  frequencies  for  Csv  and  C}v  perturbed  AlCI^  in  MCla-AlCL 
melts. 


Ba 

Sr 

Ca 

Mg* 

Mn 

Zn 

-  b2 

470 

vsa 

459 

vs" 

404 

sh 

400 

sh 

389 

m 

C2v 

A| 

508 

sh 

514 

sh 

498 

sh 

488 

sh 

483 

vs 

^  B, 

559 

m 

558 

s 

573 

vs 

574 

vs 

589 

vs 

C3v 

_____ —  E 

471 

vs 

470 

VSa 

459 

\sa 

452 

s 

450 

vs 

A  | 

556 

sh 

559 

m 

558 

s 

573 

vs 

574 

vs 

'These 

bands  are  also 

interpreted 

as  due  to 

AlCljfTj). 

’From 

Einarsrud  ct  at. 

(12). 

Observed  splitting  of  v^F;)  for  Cj,,  (B,  and  B-,  species)  and  Cjv  (A;  and  E 
species)  perturbed  AICI4  given  as  a  function  of  the  ionic  potential  of  the  cation, 
gives  essentially  straight  lines  in  Figs.  5  and  6.  The  cation  radii  used  are  the 
crystal  radii  from  Shannon  (16)  with  coordination  number  of  six  for  l.i+  qnd  the 
alkaline  earth  metal  cations,  both  six  and  four  for  Mn~+  and  four  for  Zn“+. 

A  better  fit  to  the  line  was  obtained  using  the  radius  for  coordination  number 
four  for  Mn  .  This  observation  may  be  an  artifact  due  to  a  larger  effective 
ionic  potential  for  a  transition  metal. 

The  Bj  antisymmetric  stretching  component  of  V3(F-0  for  Cjy  perturbed  AICI4 
in  SnC^-AlC^  is  observed  at  575  cm"1  (9.10).  If  SnlAIC^)-,.  with  four 
coordination  for  Sn2+,  is  present  in  the  melts,  the  B-*  component  of  the 
antisymmetric  stretching  vibration  i  estimated  to  be  at  ca.  390  cm'1.  Indeed,  a 
shoulder  appears  to  be  present  at  ca.  390  cm"1. 

To  summarize,  increased  interactions  between  Mn+  and  AICI4.  i.c.  increased 
splitting  of  V3(F2>,  are  observed  in  the  series 

K.+<Na+<Li+<Ba2+<Sr2+<Ca2+<Mg2+<Mn2+<Zn2+. 


Perturbations  of  Airily 

Spectra  of  AlkA^Cly  (Alk=K  and  Li)  and  MfAUC^Jy  (M=Ba,  Ca,  Mg.  Mn  and 
Zn)  are  compared  in  Fig.  4. 
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For  all  the  cations  in  the  systems  investigated,  except  K.+,  the  Vj|(Eu)  band  is 
split  into  two  frequencies,  indicating  a  perturbation  of  AI-)CI7  from  Djj  to  Cs 
(bent  structure)  symmetry. 

Increased  interactions,  i.e.  splitting  of  '-'i  1<EU),  are  observed  when  going  from 
K+  to  Ca‘+.  For  MgfA^ClyJj  and  MnfA^C^^  the  picture  is  more  complicated 
because  the  spectra  are  superpositions  of  MtAlC^b.  M(AI->C17)2  and  AUClg. 
For  Zn(Al2Cl7)2  no  bands  attributable  to  A1->CI7  were  detected. 


Coordination  of  A/-*  in  MCI  AlCl j  melts 

Bands  which  cannot  be  attributed  to  AICI4,  A1-,CI7,  ...  or  A1-,C16  are  interpreted 
as  a  direct  observation  of  interactions  between  the  divalent  cation  and  the 
chloroaluminate  complexes,  i.e..  M  Cl  vibrations  (Table  4). 


Table  4.  Observed  M  Cl  frequencies,  M  »  Mg  (12),  Ca,  Sr,  Ba,  Mn  and  Zn, 
relative  halt-widths  of  the  strongest  bands  and  M-Cl  stretching  force 
constants. 


M 

Frequencies 

(cm"1) 

Half-width 
(cm"1 ) 

f-M-CI  , 

( 10'N  ■  m"  ) 

Mg 

120 

0.66 

Ca 

223 

60 

0.55 

Sr 

209 

35 

0.61 

Ba 

203 

20 

0.63 

Mn 

232,  250  sh 

70 

0.64 

Zn 

OO 

OO 

80 

1.10 

For  the 

alkaline 

earth 

systems  a  broad  band  for  the 

M  Cl  stretchings  is 

observed 

which 

shifts  to 

higher  frequencies 

and  larger  band-widths  when  the 

polarizing 

power 

of  the  cation  increases.  The 

force  constants  show  that  the  shift 

is  not  only  a  mass  effect. 

but  reflects  the 

strength  of 

the  interaction. 

The  IR  spectra  of  MnC^-AlCU  mixtures  (Fig.  1)  contain  two  peaks  assigned  to 
M  Cl  stretching  vibrations  of  four  and  six  coordinated  manganese.  The  spectra 


show  a  decrease  in  the  intensity  of  *he  band  at 
232  cm'1  seems  to  become  more  intense  with 


'so  cm 


I 


whereas  the  band  at 
increasing  MnCN  content.  The 
presence  of  coordination  number  four,  contrary  to  only  six  coordination  reported 
earlier  (17)  is  supported  by  the  following  arguments: 

(a)  The  observed  splitting  of  for  AlClj  is  larger  than  can  be  predicted 

from  the  ionic  potential  for  Mn-*  in  octahedral  coordination  (see  Fig.  3  and 
4). 


(b)  The  pale  yelow  colour  of  the  melts  indicates  that  so^me  Mn“*  is  four 

coordinated,  because  the  characteristic  colour  of  MnXj"  is  yellow-green 
while  six  coordinated  manganese  usually  is  pink  (18). 

(c)  Structural  changes  do  occur  for  compositions  above  30  mol%  MnCN, 

manifested  by  a  steep  rise  of  the  melting  point  (19). 
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(d)  The  presence  of  some  AICI4  which  is  perturbed  to  C2v  symmetry. 

The  spectra  of  the  ZnC^-AlClj  (Fig.  2)  system  show  a  broad  .band  at  about  288 
cm"1  which  is  attributed  to  Zn  Cl  stretching  for  Zn"+  in  tetrahedral 
coordination.  A  tetrahedral  coordination  for  Zn^+  in  these  melts  is  expected  for 
the  following  reasons: 

(a)  A  C2v  perturbation  of  AICI4. 

(b)  Raman  bands  at  288  and  298  cm"1  observed  for  CsnZnC^ls)  (..ith 

tetrahedral  configuration)  and  277  cm"1  for  Cs2ZnCl4  correspond  to  the 

Zn  -Cl  stretching  frequency  observed  in  this  work  (8). 

(c)  Znkd1®)  has  no  octahedral  site  stabilization  energy  (OSSE)  (20). 

(d)  The  observed  splitting  of  Vj(F2)  for  AICI4  is  in  agreement  with  a  four 

coordination  for  Zn  (see  Fig.  5). 

The  following  structural  models  for  the  alkaline  earth  melts  are  proposed: 


JV 


1  For  the  Mg-system  the  chloroaluminate  species  are  bonded  to  the  cation 
with  almost  equal  M-CI  bond  strengths  as  demonstrated  for  C 
perturbation  of  AICI4:  _ 

Cl—  Al— Cl  —  Mg-Cl-^Al— Cl 

xcr 


Mobility  of  the  chloroaluminate  anions  is  possible.  The  presence  of  Civ 
distorted  AICI4  in  these  melts  indicates  an  intermediate  structure  for  the 
exchange  of  AICI4  where  one  of  the  Mg-Cl  bonds  above  is  broken. 

II.  For  the  Ba-system  one  AICI4  is  attached  tightly  to  Ba~+,  whereas  only  weak 
interactions  occur  with  other  AlCIJ-entities  (giving  unperturbed  AIOI^): 

Ck  AK 

/Ak  C'-Ba--Cl— Al— Cl 
ClX  XcK  \lX 

Dynamics  in  the  melt  is  possible  by  migration  of  Ba  from  one  AICI4  to 
another. 


Apart  from  the  found  distortion  of  the  anion,  these  models  are  supported  by  the 

following  observations: 

(a)  Both  perturbed  and  unperturbed  AICI4  are  supposed  to  be  present  in  the  C a 
Sr  and  Ba  systems,  while  only  perturbed  AICI4  is  found  in  the  Mg  system. 

(b)  The  relative  band-widths  for  the  observed  M-Cl  stretching  vibrations 
decrease  in  the  series  Mg,  Ca,  Sr  and  Ba,  indicating  a  more 
well-coordinated  complexation  around  Bai+  than  Mg"+.  Although  this 
observation  does  not  contain  information  on  the  proposed  structures,  per  \c. 
it  at  least  is  compatible  with  a  gradual  shift  in  the  structure  of  the  melts 

(c)  There  is  only  a  slight  decrease  in  the  observed  M-CI  stretching  f requeues 
when  going  from  Ca  to  Sr  and  Ba,  A  larger  decrease  is  expected  when 
only  the  mass  effect  is  considered. 

(d)  Mainly  molecular  species  are  expected  to  be  present  in  the  Mg-system. 
particularly  as  no  immiscibility  gap  is  present  (12),  whereas  the  Ca,  Sr  and 
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Ba  systems  are  more  ionic. 


OXIDES  IN  CHLORO  ALU  MIN  ATE  MELTS 


The  compound  NaAI-yOCIj  has  been  prepared  by  reacting  AlCl-j,  NaCI  and 
AlCU  6H2O  in  a  quartz  ampoule  at  120  C.  A  metastable  melt  phase  is 
formed.  Jentsch  et  al.  (21)  have  prepared  the  disilver 
decachlorodioxotetraaluminate  salt  (Ag;  [AI^^KCIjq])  by  a  similar  procedure. 
This  salt  is  built  up  by  Ag+  and  AI^O-iC1|q"  ions.^  The  anion  also  was  found 
in  the  complex  [(Cg(CHj)g)2Nb->Cl4]^  +  fAl;j02Q|Q]“_  •2CH-,C1'.  by  Thewalt  and 
Stollmaier  (22).  The  structure  of  the  AI^CKClfQ  ion  as  determined  by  single 
crystal  X-ray  crystallography  (21.22).  is 


G 

.  • 

and  shows  a  four  coordination  for  aluminium,  oxygen  in  a  three  coordinated 
position  and  only  terminal  chlorines.  This  structure  is  likely  to  be  present  in 
solid  NaAUOCIj  as  well. 

When  the  compound  NaAKOCIj  is  heated  to  200 °C  for  several  hours  a  white 
solid  starts  to  precipitate,  confirming  the  metastability  of  the  melt.  This  solid 
was  separated  from  the  rest  of  the  liquid.  IR  transmission  spectra  of  the  solid 
and  the  remaining  liquid  are  compared  with  spectra  of  NaAUOC^ls)  and 
AlOCl(s)  in  Fig.  7.  The  precipitated  solid  is  determined  to  be  AlOCI  (with 
impurities  of  NaAlC^)  and  the  remaining  liquid  is  NaAlCI4.  Thus,  it  is  verified 
that  NaAl-iOClj  is  a  stoichiometric  complex,  which  decomposes  at  200  C, 
following  the  scheme: 


NaAlCl4(l) 

NaAlvOCIjd) 

AlOCKs) 


The  spectra  of  NaA^OCIj  in  the  molten  and  solid  state  are  very  similar  (Figs.  7 
and  8)  and  the  same  complex  probably  is  present  in  both  phases.  The  bands  are 
of  course  sharper  for  the  solid  and  two  of  the  most  prominent  bands  are  split 
into  two,  and  therefore  may  belong  to  a  degenerate  species. 

In  infrared  spectra  of  molten  alkali  chloroaluminates  (1,5,7)  two  weak  bands  at 
ca.  680  and  790  cm'1  are  assigned  to  combination  bands.  But  from  the  present 
spectra  it  is  apparent  that  these  two  bands  are  due  to  oxide  species  in  the  melt. 
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The  intensity  and  position  of  the  two  bands  are  very  stable  for  all  the  melt 
compositions  studied  (Fig  8),  and  therefore  probably  are  due  to  the  same 
structural  entity.  In  solid  NaAUOCIj  the  band  with  the  highest  frequency  is 
split  into  787  and  809  cm-'  and  the  lowest  oxide  band  is  observed  at  676  cm-'. 
Because  of  the  degeneracy,  the  highest  frequency  is  assigned  as  an  antisymmetric 
stretching  of  Al-O  and  the  lowest  to  a  symmetric  stretch  of  the  parent  A1~0 
entities. 

These  assignments  can  be  justified  as  follows: 

In  an  analysis  of  the  Al-O  vibrations,  the  AI^Ox  entity  may  as  a  first 
approximation  be  considered  as  composed  of  two  regular  triangles  of 
symmetry.  As  they  combine  to  a  skeleton,  the  stretching  modes  can  be 

classified  as 

Local  Symmetry  Site  symmetry  Skeletal  symmetry 


-  VA I -O  Al 
2  v.  ,  E 


Ag 

'  VA, 

-O 

$\  m. 

stretch 

Blg 

VAI 

-C) 

ring 

stretch 

B2u 

:  VAI 

-o 

a.sym.  stretch 

b3u 

VA1 

-0 

ring 

stretch 

The  more  detailed  nature  of  the  fundamental  vibrational  modes  in  this  fairly 
complex  skeletal  structure  will  be  disclosed  through  a  normal  coordinate  analysis 

In  AIOCI  the  oxygen  also  is  in  a  three  coordinated  portion,  and  Al-O  stretching 
frequencies  are  observed  at  680.  713  and  826  cm-'  (Fig.  7).  Apparently,  the 
semi-degeneracy  seems  to  be  in  the  lowest  frequencies  in  this  case.  A  pyramidal 
compared  to  a  planar  entity  may  explain  the  difference. 


In  the  Al-CI  stretching  region  two  intense  bands  are  observed  for  NaAlxOCUd) 
(493  and  558  cm"')  and  in  the  solid  state  the  lowest  one  of  them  is  split  into 
495  and  512  cm"'.  The  band  at  493  cm-'  is  assigned  as  the  antisymmetric 
degenerate  Al-CI  stretching  of  the  axial  AlCI^-groups.  whereas  the  band  at  558 
cm-'  consequently  is  the  antisymmetric  Al-C  1-stretching  in  the  equatorial 
AlCU-groups.  The  equatorial  frequency  is  higher  than  the  axial  because  of  one 
compared  to  two  bridging  ligands  on  aluminium.  </.  the  corresponding  614  cm-1 
band  of  A^CIg  and  520  cm-'  of  molten  NaAUCI-. 

The  frequency  reduction  from  the  chlorine  to  the  oxygen  bridged  entities  (614  - 
558  cm-'  and  520  -  493  cm"')  may  be  due  to  the  larger  electron  affinity  of 
oxygen.  Indeed,  the  AI-CI,er(T)jn3|  frequency  reduction  is  twice  as  large  for  the 
entities  with  two  adjacent  Al-0(,rjcjgC  bonds. 
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ABSTRACT 

17 

0  NMR  s pert ros copy  has  been  used  to  study  tne 
species  formed  upon  addition  of  water  to  room-temperature 
molten  salts  composed  of  mixtures  of  A1CI  with  I -methyl, 
3-ethyl  imidazolium  chloride  (ImCi)  at  various  mole  ratios. 

In  basic  melts,  a  single  resonance  peak  is  observed; 
in  acidic  melts,  3  septate  peaks  ire  observed  and  the 
nature  of  the  various  0  si*'-s  can  be  deduced. 

NMR  has  be>.-n  employed  to  study  the  chemistry  of 
protons  in  these  melts.  DC1  interacts  with  a  second 
chloride  ion  in  basic  melts  whereas  it  interacts  only 
weakly  in  acidic  melts. 


INTRODUCTION 


Room-temperature  ionic  liquids  composed  of  mixtures  of  A'rj  and 
organic  chloride  salts,  RC1  < R  «  N- ( 1 -butyl )-pyr idini urn  -v  ion  - 
(BuPy  1  or  1 -methyl ,  3 -ethyl  imidazolium  cation  ' Tm  )),  have  been 
used  as  solvents  for  a  wide  variety  of  chemical  studios  (1).  These 
molten  salts  have  several  desirable  properties  including  a  high 
chloride  ion  activity  for  basic  (molar  excess  ROD  melt  compositions, 
high  Lewis  acidity,  and  nearly  aprotic  conditions.  However,  residual 
protons  and  oxide  present  in  the  melt  have  been  found  to  have 
significant  effects  on  the  chemistry  of  certain  solutes  <-,3. 4,5,6'. 
Since  these  impurities  are  nearly  always  present,  it  is  important  to 
understand  their  chemistry. 

A  titration  procedure  for  the  determination  of  oxide  impurities 
in  melts  (1,6)  has  been  developed  using  Ti(IV),  which  shows  two 
voltammetric  reduction  waves,  the  first  due  to  the  reduction  of  the 
hexachlorotitar.ate  anion  and  the  second  to  the  reduction  of  the 
titanium  oxytetrach lor i de  anion.  Surprisingly,  the  addition  of  wafer 
to  a  solution  of  Ti(IV)  wi,th  a  known  oxide  content  shifted  the 
equilibrium  between  TiCl^  and  TiOC1u  away  ft  cm  the  oxychloro- 
complex  (5).  This  was  believed  to  be  due  to  the  formation  of  an  A '  - 
OH  containing  species.  Subsequent  infrared  work  r7)  indicated  that 
an  -OH  moiety  is  indeed  formed  upon  addition  of  water  to  both  basic 
and  acidic  melts. 
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The  reduction  on  a  Pt  electrode  of  protons  from  water  added  to 
melts  was  studied  (3)  and  it  was  shown  that  limiting  currents 
increased  linearly  with  increasing  water  concentration  in  basic 
melts.  Less  current  was  observed  for  an  equivalent  amount  of  water 
added  to  an  acidic  melt.  Finally,  the  addition  of  water  to  nearly 
neutral  melts  apparently  results  in  a  release  of  2  protons  per  water 
molecule  (9). 

As  part  of  an  ongoing  effort  to  study  the  chemistry  cj>£|  water,  in 
the  room-temporal ure  chloroaluminate  melts,  we  have  used  0  and  "H 
NMR  of  water  added  to  the  melt  to  obtain  information  on  the 
speciation  of  oxide  and  protons.  We  find  that  these  techniques  allow 
a  qualitative  description  of  wi'cr  chemistry  in  chloroaluminate 
melts. 


EXPERIMENTAL 

The  preparation,  purification,  and  handling  of  melt  components 
and  soluti^s  i'-e  fully  described  elsewhere  110;.  Water  enriched  to 
20  or  30?  0  was  obtained  from  Cambridge  Isotope  Labs  and  was  used 

as  received.  The  synthesis  of  imDCi.,  was  similar  to  that  of  the  H 
analog ,  (11). 

70  and  "H  NMR  spectra  were  measured  using  a  JEOLCC  FX-T7C  NMR 
spectrometer  operating  at  3S.C>4  or  HI  .7  MHz.  Proton  decoupling  wa^? 
carried  out  using  broad-b'.nd,  pseudo-random  noise  decoupling.  All  C 
spectra  were  obtain'd  at  90 °C  since  baseline  resolution  of  all 
spectral  lines  could  be  obtained  at  this  temper  at  ire . 


RE.hULTii  AMD  DISCUSSION 

1 C  NMR  spectra  of  solutions  of  water  in  acidic  melts  consist 
(generally)  of  three  peaks  as  shown  in  Figure  1.  "The  relative 
intensities  of  these  peaks  vary  with  composition  (Figure  • ?  and 
concentration  (Figure  2).  as  the  mole  ratio  of  A1H  ,  to  ImCl  is 
increased,  the  peak  furthest  downfield  (Peak  C)  increases  in  relative 
intensity.  The  peak  at  H9.T  ppm  (Peak  A)  is  the  more  intense  peik  ;  r. 

the  spectrum  in  melts  less  acidic  than  approximately  ’  . 5  : 1 . C  .  The 

intensity  of  the  peak  at  73  ppm  (Peak  3)  dec-eases  as  the  melt 
composition  is  made  more  acidic  and  is  nearly  negligible  ir.  very 
acidio  melts. 

Figure  3  is  a  plot,  of  the  total  integrated  intensity  of  the 
three  lines  observed  in  a  l. 2:1.0  melt  with  various  concentrations  c f 
added  H.,0.  The  linearity  of  the  plot  implies  that  peaks  A,  B,  ar.d  1 

account“for  all  of  the  water  added.  The  relative  intensity  of  F-.  : •<  A 

increases  sharply  with  increasing  concentration  while  'hat  of  Pear  ? 
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increases  gradually  with  concentration.  The  relative  intensity  of 
Peak  C  decreases  as  the  concentration  of  water  is  increased. 

The  spectrum  shown  in  Figure  4  is  that  which  results  when  HC1 
gas  is  bubbled  through  the  solution  whose  spectrum  is  shown  in  Figure 
la.  Addition  of  this  proton  donor  results  In  the  disappearance  of 
peaks  B  and  C,  implying  that  peak  A  corresponds  to  oxygen  present  in 
a  hydroxy-chloroaluminate  species.  The  highly  acidic  mtur-  cf  the 
medium  leads  us  to  infer  that  protons  and  AlCl^  units  ffrom  Aly?l_  ) 
compete  for  oxide  sites  and  that  peaks  B  and  C  are  for  oxygen  atoms 
in  bridging  environments  between  aluminum  atoms.  This  is  further 
supported  by  the  downfield  chemical  shift  of  these  two  lines  relative 
to  peak  A,  due  to  additional  "A1C1  "  moieties  surrounding  the  0 
nucleus,  and  by  the  observed  composition  dependence  of  their 
intensities.  By  the  same  token.  Peak  1  must  correspond  to  a  more 
highly  substituted  environment  than  Peak  B. 

O-bridging  oxychloroal umi nate  species  have  been  proposed  for 
high  temperature  chloroaluninate  melts  (12)  and  have  been  shown  to 
exist  by  crystallographic  investigations  of  inorganic  salts  formed 
with  the  oxychloroalumin^te  as  a  counterion  (13).  Preliminary 
attempts  at  fitting  the  '  C  data  discussed  above  to  models  which  take 
into  account  the  stoichiometry  of  all  species  formed  suggest  that 
species  similar  to  those  in  references  12  and  13  are  formed  and 
concur  with  the  qualitative  conclusions  reached  above. 

Spectra  of  dissolved  water  at  several  concentrations  in  a  basic 
melt  are  shown  in  Figure  5.  In  all  cases,  a  single  line  is  observed. 
However,  the  position  of  the  peak  shifts  with  increasing  water 
concentration.  The  effect  of  bubbling  HC1  through  a  solution  of 
water  in  a  basic  melt  is  to  shift  the  peak  upfield.  As  in  the  acidic 
melts,  the  peak  which  results  is  inferred  to  be  due  to  an  "A) -OH" 
moiety.  Fast  chemical  exchange  oetween  two  or  more  oxygen 
environments,  probably  "Al-O"  and  "A1-0H"  moieties,  is  indicated  by 
the  presence  of  a  single  peak  with  a  variable  chemical  shift.  The 
observed  concentration  dependence  then  indicates  that  the  "Al-O" 
moiety  is  the  predominant  oxide  environment  at  low  concentrat ions 
while  "Al-OH"-containing  species  are  more  important  at  highe- 
concentrations.  This  suggests  that  the  discrepancy  between  the 
infrared  (7)  and  electrochemical  (9)  results  is  due  to  the  higher 
water  concentrations  used  ir  the  former  case  relative  to  those 
typically  employed  in  the  neutral  melt  amperometric  titration 
technique  utilized  in  the  latter  case.  These  results  also  provide 
direct  evidence  for  the  typo  of  equilibrium  used  to  explain  the 
behavior  of  the  Ti(IV)  system  upon  addition  of  h',,0.  In  the  latter 
experiment,  relatively  large  H^O  concentrations  were  added  to  the 
titanium  solutions. 

Further  information  on^water  chemistry  in  the  chi oroa] umi nate 
melts  can  be  obtained  from  ‘H  NMR  studies  of  D^O  added  to  the  melt. 
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We  have  also  synthesized  the  DCl  salt  of  ItnCl ,  ( 1 1  )  hereafter 
referred  to  as  IraDCl0,  for  use  as  a  proton  donor.  “H  spectra  of 
InDfl  solutions  in  feasio  and  acidic  melts  are  shown  in  Figure-  6. 

Tne  "DCl"  resonance  peak,  the  major  peak  In  the  spectrum,  shifts 
downfield  as  the  melt  is  made  more  basic.  This  is  due  to  the 
interaction  of  DCl  with  a  second  chloride  ion  in  basic  melts, 
probably  in  an  H-bcnding  interaction,  effectively  forming  DC1-,  ions. 
The  proton  chemical  shift  of  the-  corresponding  H01p  ion  in  the  ImHCi 
liquid  is  13  ppm  relative  to  TMF.  In  acidic  melts',  protons  are 
present  as  free  or  weakly  eomplexed  HC1. 

The  2H  spectrum  of  a  50  mM  solution  of  0,0  in  an  soldi  :•  melt  is 
shown  in  Figure  7.  Ir.  addition  to  the  DCi  peak,  there  is  a  second  D 
containing  species  present.  This  is  the  "Al-QH"  species  discussed 
above.  Spectra  of  D?0  in  basic  melts  have  but  a  single  peak.  This 
is  probably  due  to  fast  chemical  exchange,  as  discussed  above. 

In  conclusion,  1 'o  and  'H  NMR  studies  have  enabled  us  to  deduce 
the  nature  of  the  speotation  in  H„0  solutions  in  melts.  In  acidic 
melts,  three  oxygen  containing  species  are  formed;  one 
hy dr 0 xychl oroal um i nate  and  two  0-bridged  oxyohl oroal uminate  species. 
In  basic  melts,  rapid  exchange  precludes  determination  of  tne  exact 
number  of  species  formed,  but  we  can  qualitatively  conclude  that  an 
oxychloroaluminate ,  probaoiy  in  a  terminal  environment,  and  a 
hydroxychloroaluminate  are  present,  with  the  latter  species  being  th 
predominant  form  at  high  water  concentrations.  H  NMR  studies  of 
protonic  environments  suggest  that  protons  are  present  as  DCl  in 
acidic  melts,  but  are  strongly  associated  with  a  second  chloride  in 
basic  melts. 
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Fig.  3.  Plot  of  total  integrated 
intensity  (sun  of  integrated 
intensities  for  individual  peaks 
in  spectrun)  as  a  function  of 
concentration  of  water  added  to  a 
1. 2:1.0  AlCljtlnCl  melt. 


Fig.  4.  Spectrum  of 
solution  from  Figure  1(a) 
after  bubbling  HC1  through 
it. 


Fig.  5.  Spectra  of  water  at  various 
concentrations  in  a  0. 8:1.0  melt  (a) 
50  mM;  (b)  200  mM.  ’ 
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ABSTRACT 

Room  temperature  chloroaluminate  molten  salts  formed  by 
mixing  1  -me  thyl -3-ethyl Imidazol  lum  chloride  (MEIC1)  with 
A 1 C 1 3  are  of  Interest  as  electrolytes  and  non-aqueous 
reaction  media.  We  have  done  NMR,  IR,  and  theoretical 
studies  on  this  system  to  elucidate  the  still  unresolved 
picture  of  ionic  structure  and  interactions  in  these  melts. 

NMR  studies  of  MEI+  In  melts  of  various  composition 
(determined  by  the  mole  fraction,  N,  of  AICI3  used  In 
forming  a  melt)  were  originally  explained  by  a  stack  model. 

In  this  model,  the  anions  (Cl*  and  AICI4"  In  basic  melts  and 
AICI4*  and  AI2CI7*  In  acidic  melts)  are  located  between 
stacked  "parallel"  MEI+  ring  planes.  However,  IR  and  Raman 
spectra  were  Interpreted  as  evidence  that  Cl"  formed  Ion 
pairs  with  ME  I  by  a  H-bondfng  Interaction  through  the  H  on 
the  C-2  In  the  ring,  disputing  the  stack  model.  Our  IR 
studies  now  indicate  that  while  the  hydrogen  on  the  C-2  does 
interact  with  the  Cl",  It  Is  clearly  not  the  only  point  of 
interaction.  It  appears  that  the  Cl"  affects  the  hydrogens 
at  C-4  and  C-5  members  of  the  ring  as  well.  Semi -empl r  1  ca  1 
molecular  orbital  calculations  support  a  model  in  which  Cl" 
Interacts  with  two  MEI+'s  while  occupying  an  equilibrium 
position  approximately  equidistant  between  the  C-2's  of 
adjacent  near  parallel  MEI*’s. 

INTRODUCTION 

One  of  the  most  widely  studied  room  temperature  melt  systems  Is 
the  1  -methy 1 -3-ethy 1 Imidazol  ium  chlorlde-AlCl 3  ( ME  I C 1 -A  1 C 1 3 )  melt 
which  Is  liquid  at  room  temperature  for  compositions  between  33-67 
moleX  A 1  Cl 3  (1,2).  This  melt  exhibits  acid-base  chemistry  which  can 
be  controlled  by  varying  the  composition.  When  the  mole  fraction  of 
A1  Cl 3  (N)  used  In  preparing  the  melt  Is  less  than  0.5,  It  contains 
an  excess  of  Cl"  and  Is  basic.  For  compositions  N  >  0.50,  the  melt 
Is  considered  acidic  because  It  contains  an  excess  of  A^Clg".  In  N 
=  0.50  melt  the  melt  is  neutral,  containing  only  A 1 C 1 4"  anions. 


414 


This  melt  exhibits  several  attractive  features  such  as  a  large 
electrochemical  window  and  high  conductivities.  The  structure  of 
ME  I  Is  shown  below:  ,  . 
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A  better  understanding  of  the  physical  and  chemical  properties 
of  these  melts  has  been  sought  through  Investigation  of  the  ion-ion 
Interactions  In  these  melts.  The  crystal  structure  of  the  iodide 
analog,  ME  1 1 .  has  been  reported,  and  based  upon  the  C-2 
hydrogen-iodide  distance,  an  interaction  involving  hydrogen  bonding 
through  the  C-2  hydrogen  has  been  suggested  (3).  Previous 
investigations  have  used  this  model  to  explain  variations  in  the  IR 
spectra  of  basic  ME IC 1  -A  1 C 1 3  melts  (4).  In  this  work,  we  studied 
both  normal  and  deuterated  M£U  in  melts  uf  various  composition.  We 
studied  the  effects  of  solvent  addition  and  replacement  of  the  C-2 
hydrogen  with  methyl.  Our  studies  indicate  that  the  changes  in  the 
IR  spectra  may  not  be  attributed  entirely  to  hydrogen  bonding 
interactions  between  the  MEI+  and  Cl*  anion.  Semi empi rl cai 
molecular  orbital  calculations  have  been  used  to  support  our 
experimental  evidence  for  this  conclusion.  Other  possible 
structures  in  which  the  interaction  is  not  a  hydrogen  bond  have  been 
considered. 


EXPERIMENTAL 

General  Procedures:  The  preparation  of  the  melts  has  been 
presented  earlier(l).  Benzene-ds  (Aldrich)  and  dichloromethane-d2 
(Aldrich)  were  used  as  received.  Benzene  (Aldrich,  HPLC  grade)  and 
dichloromethane  (Baker,  HPLC  grade)  were  purified  by  refluxing  over 
P2O5  for  several  days  followed  by  fractional  distillation. 

The  IR  spectra  were  recorded  on  an  IBM  model  32  FTIR 
spectrometer.  The  solutions  were  run  between  two  NaCl  plates 
(Wilmad,  41  x  32  x  6  mm)  as  thin  films  or  with  lead  spacers  of 
appropriate  size.  All  loading  of  IR  cells  was  done  in  a  He-filled 
dry  box  with  less  than  10  ppm  i^O/air. 

Preparation  of  2-d i -ME I C 1  :  A  solution  of  4  g  of  MEIC1  was 
allowed  to  stand  in  1CT  mL  of  d2-H20  for  3  days.  The  water  was 
evaporated  under  reduced  pressure  and  then,  to  remove  the  remaining 
water,  the  resulting  material  was  suspended  in  benzene  and  distilled 
until  the  distillate  was  clear.  Analysis  (IR)  of  the  material  dried 
by  this  procedure  showed  that  there  was  still  a  small  amount  of 
water  present  so  the  material  was  suspended  in  about  30  ml  benzene 
and  treated  with  about  0.5  ml  of  thionyl  chloride.  After  standing 
for  0.5  h,  the  benzene  and  thionyl  chloride  were  removed  under 
reduced  pressure  and  the  resulting  semi-solid  was  stored  under 
vacuum  overnight.  The  material  prepared  in  this  manner  showed  no 


water  when  analyzed  by  I R ,  and  its  1 H-NMR  spectrum  showed  only  a 
small  peak,  c.a.  0,04  proton  for  the  hydrogen  at  C-2 . 

Theoretical  Considerations:  Theoretical  calculations  were 
carried  out  using  the  standard  AMI  (5)  and  MNDO  (6)  models  as 
incorporated  in  the  MOPAC  program  (7).  Geometries  were  fully 
optimized  using  the  DFP  method  (8)  and  refined  by  minimizing  the 
scalar  gradient  of  the  energy  <9>.  True  minima  were  characterized 
by  the  absence  of  negative  force  constants  (9),  and  vibrational 
frequencies  were  calculated  for  the  normal  modes  (10). 

AMi  was  preferred  over  MNDO  due  to  the  problem  of  excessive  long 
range  repulsions  associated  with  MNDO  and  the  capability  of  AMI  to 
reproduce  hydrogen  bonding  (5,11).  Unfortunately,  there  are,  as  of 
yet,  no  AMI  parameters  for  aluminum.  Consequently,  the  MNDO 
parameters  for  aluminum  were  used  in  AMI  calculations  involving  the 
interaction  of  A 1  Cl  4“  ions  with  MEI*.  This  less  than  ideal 
procedure  is  Justified  in  this  study  since  the  AMI  results  for 
A 1 C 1 4“  are  similar  to  MNDO  results  (12)  and  the  interaction  between 
A 1  Cl  4_  and  ME  I  is  primarily  electrostatic  in  nature  or  involves 
only  the  chlorine  atoms.  There  is  no  direct  interaction  of  aluminum 
with  the  MEI+  and  essentially  no  change  in  bonding  to  aluminum  is 
involved. 

RESULTS  AND  DISCUSSION 


I.  Experimental 

The  vibrational  spectra  of  the  ME  I C 1 -A  1 C 1 3  ambient  temperature 
melts  carried  out  by  Tait  and  Osteryoung  (4)  were  re-examined.  They 
found  that  the  IR  spectra  of  MEI+  in  acidic  and  neutral  melts  were 
the  same,  but  that  In  basic  melts  some  bands  were  apparently 
shifted.  They  proposed  that  Cl"  forms  a  hydrogen  bond  with  the  C-2 
hydrogen  of  the  MEI*  cation  to  explain  this  shift.  In  other  work 
(3)  the  crystal  structure  of  MEII  suggested  that  an  interaction 
occurs  between  the  I-  and  the  C-2  hydrogen. 

In  1 H  NMR  studies  the  proton  chemical  shifts  of  the  C-2  hydrogen 
show  the  largest  changes  as  the  composition  of  the  melt  is  changed. 
This  provides  supportive  evidence  for  the  hydrogen  bonded  complex, 
but  it  was  noted  that  the  chemical  shifts  of  the  hydrogen  at  4  and  5 
ring  positions  are  also  affected  by  melt  acidity  (Fig.  I).  Our 
results  suggest  that  Cl"  is  interacting  with  the  n  orbitals  of  the 
imidazolium  ring  instead  of  hydrogen  bonding  at  the  C-2  hydrogen. 

Our  concisions  are  based  on  an  analysis  of  the  CH  and  CD 
stretching  bands  in  the  IR  spectrum,  in  particular  the  behavior  of 
the  rather  broad  band  at  3049cm"1.  The  intensity  of  this  band 
decreases  as  the  mole  fraction  of  A 1 C 1 3  in  the  melt  is  increased 
(Fig.  2).  It  also  decreases  with  the  addition  of  benzene-dg  and 
dlchloromethane-dj  (Fig.  3).  In  neutral  melt,  this  band  does  not 
appea  (Fig.  2).  Its  frequency  appears  at  higher  wavelengths  in  the 
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ME  I Br -A  1 Br  3  basic  melt  (Fig.  4).  The  IR  spectrum  of  N=0.50 
ME IC 1  - A 1 C 1 3  melt  is  jnaffected  by  the  addition  of  benzene-dg  or 
di chloromethane-d?  and  is  identical  to  the  neutral  MEI Br-A 1 Br  3 
melt.  Thus,  we  conc'ude  tnat  the  3049cm-'  band  is  due  to  MEI*'  which 
is  interacting  with  Cl-.  Since  the  tetranalcaluminate  ion  is  the 
predominant  ion  in  neutral  me't,  the  IR  spectra  g’ve  "O  information 
on  the  interaction  Detween  the  ions  at  this  melt  comoos i tion . 

To  determine  whether  the  band  previously  assigned  to  the  C-2 
hydrogen  stretch  ce'T-rbed  by  a  bonding  interaction  is  a  correct 
assignment,  ..ere  prepared  using  the  •  ,2-di  methyl -3-ethyl 
‘midazo'ijm  c^'oi’ide  salt  (MMEICl'.  This  salt  is  similar  to  MEIC1 
except  the  C-2  oroton  "as  been  replaced  with  a  CH3  group  --  a  group 
with  wnicn  no  n vd"ogen-bond i ng  interaction  is  expected.  The  IR 
spectrum  of  an  N  =  0.33  melt  prepared  from  MMEICl  shows  the  3049cm-' 
band  (Fig.  5).  'he  intensity  of  this  band  decreases  as  the  melt  is 
titrated  to  neutrality  (Fig.  5-'-  This  is  the  same  behavior  as  was 
found  for  the  3049cm-'  band  observed  in  the  IR  of  ME  I C 1 -A  1  Cl  3  basic 
melts.  These  results  indicate  that  the  3049cm-'  band  cannot  be  due 
solely  to  the  C-2  proton  stretch  perturbed  by  hydrogen  bonding  but 
must  involve  otner  vibrations.  Tne  spectrum  of  the  N=0.50 
MMEICl -41C1 3  me't  differs  from  the  ME  I C 1 -A  1 C 1 3  melt.  In  the  IR 
spectrum  of  MMEICl -4 ICl 3  neutral  melt,  the  band  centered  around 
3il9cm-:  seen  ' n  the  MEIC1 -A1 C ■ 3  melts  is  not  observed.  We  thus 
conclude  tnat  this  sand  in  MEI*  results  from  the  C-2  photon  stretch 
1  F  i  g  .  5  1  . 

Anothe*  card  appeals  at  '595cm-1  whose  intensity  increases  as 
the  melt  is  titrated  from  basic  toward  neutrai  (Fig.  1).  'he  cnange 
in  intensity  of  this  bana  is  opposite  to  wnat  is  ooserved  *or  tne 
3049cm-'  band  This  oand  has  been  assigned  to  an  imidazolium  ring 
stretch  vicrat’cna1  node.  The  changes  !n  the  band  intensity 
indicates  that  the  interaction  of  MEI*  with  Cl-  ‘nhioits  this 
vibrational  mode.  The  intensity  of  this  band  increases  as  tne  melt 
is  neutralized  because  of  the  conversion  of  Cl-  to  AlClg-  which 
appears  to  interact  weakly  with  the  MEI*  cation  (1). 

If  the  interaction  between  Cl-  and  the  hydrogen  at  C-2  hydrogen 
were  due  to  hydrogen  bonding,  this  should  be  readily  observable  by 
examination  of  the  IR  spectrum  of  material  with  a  deuterium  at  C-2. 
The  C-2  deuterium  vibration  will  shift  away  from  the  vibrations  of 
the  other  C-H  bonds  in  the  molecule  so  that  changes  in  its 
vibrational  frequencies  would  be  easy  to  see.  The  IR  spectrum  of 
pure  2-d 1 -ME IC1 ,  N=0.0,  in  which  hydrogen  bonding  might  be 
important,  showed  an  IR  peak  at  2267cm-:  for  the  C-2  deuterium  bond 
and  C-H  vibrations  as  a  broad  band  in  the  region  from  2990  to  about 
3200cm-'  with  a  maximum  at  3058cm-1.  The  IR  spectra  of  N=0.33  and 
N=0.50  melts  of  2-dg -MEIC1 /A1C1 3  are  shown  in  Fig.  8.  The  IR 
spectrum  of  the  N=0.50  melt  shows  the  C-2  deuterium  stretch  at  2350 
cm-'.  In  the  spectrum  of  the  N=0.33  melt,  this  band  is  reduced  in 
intensity  and  a  new  band  at  2283cm-'  nas  appeared,  presumably  due  to 
an  interaction  of  the  C-2  deuterium  with  Cl-.  However,  this  shift 
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in  frequency  due  to  Cl-  interaction  also  appears  for  the  vinylic  C-H 
stretching  frequencies.  If  the  interaction  were  due  to  only 
hydrogen-bonding,  no  significant  shifts  would  be  expected  in  the  C-4 
and  C-5  hydrogen  stretching  frequencies.  In  the  spectrum  of  the 
N=0.50  melt,  the  C-4  and  C-5  hydrogen  stretching  bands  appear  at 
3170  and  3149cm-'.  In  the  spectrum  of  the  N=0.33  melt,  these  bands 
are  reduced  in  intensity  ana  the  broad  Cl--interaction  band  at 
3079cm-1  appears.  thus  the  C-H  stretches  on  C-2,  C-4,  and  C-5  are 
all  being  affected  by  Cl-  in  essentially  the  same  way.  We  conclude 
that  this  non-specific  interaction  cannot  be  characterized  as 
hydrogen  bonding. 

II.  Theoretical 

While  AMI  and  MNDO  are  parameterized  using  gas  phase  data.  MNDO 
results  were  previously  shown  to  be  consistent  with  the  experimental 
IR  spectra  of  the  AI2CI7"  in  molten  KAIjClg  (14).  for  the  isolated 
MEI*  ion,  AMI  results  (Fig.  9)  again  provide  a  reasonable  model  of 
the  2 900- 3300cm-'  region  of  the  experimental  IR  spectrum  results  for 
the  N=0.50  AICI3  melt,  in  which  there  is  no  Cl"  to  interact  with  the 
ME  I + .  While  the  intensity  of  the  C-2  hydrogen  stretch  is 
overestimated,  its  position,  as  well  as  the  positions  and  relative 
sizes  of  alkenyl  and  alkyl  C-H  stretches,  are  well  represented. 

When  a  Cl"  was  positioned  to  hydrogen  bond  to  the  C-2-hydrogen 
and  the  geometry  optimized,  the  C-2-hydrogen  bond  was  almost  totally 
broken,  the  C-2-hydrogen  and  H-Cl  distances  optimizing  at  1.56  and 
1.40  A,  respectively.  Consequently,  the  C-2-hydrogen  stretch  was 
strongly  coupled  with  the  H-C!  stretch;  two  vibrations  appearing  at 
1565  and  711cm-'.  These  results  are  no  doubt  exaggerated  due  to  AMI 
underestimating  the  stability  of  the  chloride  anion  ( AHf  -37.7 
<cal/mol  calcd,  -55  9  kcal/mol  exptl  [15]>.  Interestingly,  however, 
when  an  AICI4-  was  substituted  for  the  Cl",  the  interaction  between 
one  chlorine  atom  and  the  C-2  hydrogen  was  strong  enocjh  to  shift 
the  C-2-hydrogen  stretch  from  3118cm-'  in  the  isolated  MEI  +  to 
2492cm-'  in  the  complex.  This  shift  is  too  large  to  be  explained 
fully  by  the  change  in  reduced  mass.  While  this  result  is  again 
exaggerated  due  to  the  treatment  of  the  complex  as  a  totally 
isolated  ion  pair,  it  is  reasonable  to  expect  that  a  hydrogen  bond 
between  a  Cl-  and  the  C-2  hydrogen  would  cause  a  larger  red  shift  in 
the  C-2-hydrogen  stretch  than  to  3049cm-' . 

According  to  AMI  calculations,  the  pm  orbital  of  the  C-2 
contributes  507.  of  the  lowest  unoccupied  molecular  orbital  (LUMO>  of 
the  isolated  MEI+.  When  a  Cl-  was  centered  above  the  ring  and  the 
geometry  optimized,  the  Cl-  shifted  to  form  a  covalent  bond  with  the 
C-2.  The  heat  of  formation  for  this  covalent  species  was  4.6 
kcal/mol  less  than  that  for  the  "hydrogen  bondpd"  romplex.  and  the 
frequency  of  the  C-2  hydrogen  stretch  was  predicted  to  be  2951cm-'. 
When  a  second  MEI  +  was  positioned  parallel  to  the  first  MEI+,  with 
the  Cl-  centered  between  the  two  rings,  and  the  geometry  fully 
optimized,  a  minimum  was  located  with  the  Cl-  located  slightly  in 


front  of  the  two  C-2's  and  nearly  equidistant  from  both  (C-2-H 
2.48A,  C-2 1 -H  2.42A).  This  complex  was  predicted  to  be  8.4  kcal/mol 
more  stable  than  the  covalent  C5H11N2CI  species  plus  an  isolated 
MEI+.  The  C-2-hydrogen  stretch  for  the  complex  was  red  shifted 
relative  to  that  of  the  isolated  MEI+,  its  frequency  being 
3107cnn'.  It  is  not  unexpected  that  this  is  higher  than  the 
3049cm-'  observed  experimentally,  since  calculated  vibrational 
frequencies  are  typically  too  high  <10). 

CONCLUSION 

In  basic  melts  of  MEICI  and  A 1  Cl  3 ,  Cl-  interacts  with  MEI*  to 
cause  similar  shifts  in  the  frequencies  of  the  C-2,  C-4,  and  C-5 
hydrogen  stretches.  This  nonspecific  interaction  cannot  be 
characterized  as  hydrogen  bonding.  In  fact,  it  is  consistent  with  a 
stack  model  for  the  interaction  of  MEI+  with  the  anions  in  the  melt. 
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Fig.  1:  Proton  chemical  shifts  in 
MEICI-AICI3  melt  vs  N  at  30°C  (•)  H-2,  (A) 

H-4  and  H-5  (average  of  unresolved  doublet), 
(■)  N-CH2  protons,  (o)  N-CH3  protons,  (A)  CH3 
protons.  The  chemical  shifts  were  referenced 
to  Me2S0  external  reference  (13). 


WAVENUMBER,  cm 

Figure  2:  IR  spectra  of  CH  bands  of 
MEI  +  in  MEICI-AICI3  melt  at: 

(a)  N=0.50,  (b)  N=O.AO,  (c)  N=0.33. 


Figure  3:  IR  spectra  of  CH  bands  of  MEI+  in 
N=0 . 33  melt  and  nonaqueous  solutions  of  this 
melt.  (a)  d ichloromethane-d2 , 

(b)  benzene-d6,  (c)  neat  melt. 
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Figure  7:  IR  spectra  showing 
the  1595cm-*  band  as  function  of 
N  for  a  MEICI-AICI3  melt: 

(a)  N=0 . 50 ,  (b)  N=0 . 40 , 

(c)  N=0 . 33 . 


Figure  8:  IR  spectra  of 
2-dl-MElCl-AlCl3  melt  at: 
(a)  N=0 . 33 ,  (b)  N=0 . 50 . 


Figure  9.  IR  spectra  of 
MEICI-AICI3  of  different 
compositions.  The  bands 
obtained  using  AMI  calculations 
for  the  gas  phase  MEI4  are  shown 
as  straight  lines. 
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ABSTRACT 

The  spin-lattice  relaxation  times  of  cesium-133 
nuclei  in  the  molten  (Li-Cs) NO3  system  have  been 
measured  as  a  function  of  composition  and  temper¬ 
ature.  The  relaxation  rates,  1/Tj,  decrease  with 
increasing  LiN03  concentration.  The  rates  decrease 
also  with  increasing  temperature.  These  results 
are  interpreted  by  the  quadrupolar  interaction  of 
the  nuclei  with  the  surrounding  nitrate  ions,  which 
changes  with  composition  and  temperature. 


INTRODUCTION 

In  previous  papers  (1,2)  we  have  reported  that  the  chem 
ical  shifts  of  thallium-205  in  some  binary  molten  salt  mix¬ 
tures  with  common  anions  can  be  interpreted  ir,  terns  of  the 
anion  polarization  due  to  the  difference  in  ionic  radii  of 
the  constituent  cations.  This  anion  polarization  effect 
has  further  been  examined  in  a  study  of  the  quadrupolar  re¬ 
laxation  of  lithium-7  in  the  molten  binary  system,  (Li-Cs) 
NO 3 ( 3 )  .  In  binary  molten  salt  mixtures  with  common  anions, 
the  anions  are  polarized  toward  the  smaller  cation,  which 
causes  an  increase  of  the  electric  field  gradient  at  the 
smaller  cation.  Thus,  the  quadrupolar  relaxation  rates  are 
expected  to  increase  for  the  smaller  cation  and  to  decrease 
for  the  larger  cation  by  mixing.  The  relaxation  rates  of 
lithium  ions  in  the  (Li-Cs) NO3  system  have  been  found  to  in 
crease  with  increasing  CSNO3  concentration  in  accordance 
with  this  expectation  (3).  The  purpose  of  the  present 
study  is  to  confirm  this  anion  polarization  model  by  meas¬ 
uring  the  relaxation  rates  of  cesium-133  (1=7/2)  in  the 
same  system,  in  which  the  quadrupolar  interaction  is  pre¬ 
dominant. 


EXPERIMENTAL 


The  salts  used  were  obtained  from  Wako  Pure  Chem.  Co. 


Ltd.  and  their  stated  purity  was  99.9%  for  LiN03  and  99% 
for  CSNO3.  Sample  mixtures  were  prepared  by  mixing  pre¬ 
cisely  weighed  amounts  of  the  respective  components  in  an 
NMR  cell  of  6  mm  i.d.,  drying  under  vacuum  at  110  C,  and 
then  melting  throughly.  Prior  to  sealing  the  cell,  the 
samples  were  degassed  by  freeze-pump-thaw  cycles  just 
above  the  melting  temperature  of  each  sample. 

NMR  measurements  were  made  with  a  Bruker  CXP  pulse  FT 
spectrometer,  operating  at  5.107  MHz  for  Cs-133.  The  spin- 
lattice  relaxation  times,  T^,  were  determined  by  the  usual 
120 -90' pulse  sequence  method.  The  temperature  range  of 
measurements  was  from  the  melting  point  of  the  samples  to 
425  C.  Temperatures  were  controlled  within  +1  C.  The  de¬ 
tails  of  the  high-temperature  NMR  probe  have  been  described 
elsewhere  ( 2 ) . 


RESULTS  AND  DISCUSSION 


Figure  1  shows  the  temperature  dependence  of  the  relax¬ 
ation  time  of  Cs-133  for  the  mixture  with  30  mol%  LiN03,  or 
xLiNO3=0 • 3 .  The  relaxation  time  increases  with  increasing 
temperature.  Circles  and  triangles  in  the  figure  denote 
different  runs  with  different  samples.  It  is  noted  that 
the  slight  decomposition  of  nitrate  ions  at  high  temper¬ 
atures  yields  paramagnetic  impurities  such  as  NO  or  O2 , 
which  reduces  the  relaxation  time  with  the  additional  me¬ 
chanism  due  to  the  paramagnetic  interaction  (3,4).  There¬ 
fore,  the  measurements  were  limitted  to  the  temperature 
range  where  the  observed  relaxation  time  was  reproducible 
during  heating  and  cool ing . cycles .  The  decomposition 
effect  was  found  above  400  C  for  the  sample  with 

Figure  2  shows  the  composition  dependence  of  the  relax¬ 
ation  rates,  l/Tj,  of  Cs-133  at  325  C.  The  relaxation 
rates  decrease  with  increasing  the  content  of  LiNC>3 ,  in 
contrast  to  those  of  lithium-7,  which  increase  with  in¬ 
creasing  the  content  of  CsNOgO)  .  At  325'C,  CsNC>3-rich 
samples  were  solidified  and  measurements  were  limitted  to 
the  samples  with  X^itgc^ilO •  3 ■ 


The  spin-lattice  relaxation  rate  due  to  the  electric 
quadrupolar  interaction,  (1/Tj)q,  in  a  molten  salt  may  be 
written  as  (4) 
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I  is  the  nuclear  spin  number,  Q  is  the  electric  quadrupole 
moment,  and  q  is  the  electric  field  gradient  at  a  nucleus 
by  the  surrounding  ions.  (1-,.)  denotes  the  additional 
contribution  arising  from  the  polarization  of  the  electron 
shells  of  the  ions  under  study.  :c  is  the  correlation  time 
of  the  field  gradient  fluctuation.  It  is  estimated  that 
the  fluctuations  of  the  field  gradient  occurs  in  much 
shorter  time  scale  as  rattling  motion  of  the  first  shell 
composed  of  nitrate  ions  than  the  diffusion  time  of  the 
ions  over  an  average  interionic  distance  (3,5).  We  sup¬ 
pose,  therefore,  that  the  values  of  c  are  not  very  depen¬ 
dent  on  composition,  and  that  the  change  in  the  field  gra¬ 
dient,  q,  mainly  contributes  to  the  composition  dependence 
of  the  relaxation  rates. 

In  the  polarization  model,  the  ratio  of  the  relaxation 
rate  at  the  composition  Xpixo3/  that  of  the  pure  CSNO3 
is  given  by  (3) 

(1/T1)X/(1/T1)0  =  1  -12  -HXLiX03/Kodo  ,  (2) 

where  ■  is  the  polarizability  of  NO3  ,  R0  and  dQ  are  dis¬ 
tances  Cs-N  and  Cs-O,  respectively.  R  is  the  difference 
in  the  ionic  radii  of  the  cations,  R=R  ( C  s  “*" ) -R  CLi+ )  .  The 
calculated  results  from  eqn  (2)  are  given  in  Figure  2  by  a 
dotted  line,  which  is  in  reasonable  agreement  with  the  ob¬ 
served  results. 
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ABSTRACT 


Trie  valuer  a  I  the  main  parameters  ’  an  anodic 
plasma  Got*  ined  oy  electrolysis  o'"  a  molten 
u:Ci-KCl  equ’.moieciiiar  r- 1  r  tore  are  stated,  unde: 


a  the  cret  ical  commutation  o'  the  i  J  t  p-2  p  1.  i  (  I  ) 
iineshape,  using  Magnus  f rams  tor  electronic  se 
taihat  ion  and  taking  into  account;  ‘i.e  effect  c* 
dynamic  i?r  broadening  :  eiec’rit  racial  ‘  :ei  d 

i  -  l  .1 

intent  :  tv  E  a  1  o  Q  J  .■  pm  ,  ^  i  f  -  t  r  in  i  r  e  r  a  .  -  . 

'!  ’  1  •  2  '<  *  c  c  n  t  t  e  t-  o  n  r  a  t  u  ;  t  r  e  *  ■  e  e  n  5  C ,  C  a  r  e 

5  300  K  .  F  o  r  the:  c  h  ■;  s  er,  jprp.ii:’  inn  •  1 1  e  e  .  e  c  -  .■  _ 

lytic  bait,  the  runaway  o‘  e  1  e  r  *  r  ■' -ft-*-  is  innin  Trt 
by  the  facT  that  the  micri-piasnaa  - [ -■  t  i  c-io 
thin  ( 5Um)  and  partial  y  i  'dint,  t  •  r  t  p:  re 
LiCi-  electrolyt  ic  hath,  there  ;s  r  rac:V. 

INTRODLCT  I  f'c 

In  1553,  our  laboratory  becan  ~nr-.  -  pn- r  r  :  t  c  op  \  c  1  =*  .  r.  .  c 
the  light  emitted  a*  the  anode  our: no  anode  f'rrt  !  .  E  .  } 

in  the  orupose  of  obtaining  data  aonu*  *hr  gase.vj-'  n1-.  st‘ 
surrounding  the  antde  (1,2,3).  As  a  matter  o-  -act.  in  well 
chosen  electrolytic  bather,  electrodes,  electro:  _c  ceil 

Feed  voltages,  the  light  nmitr  ion  is  intnrse  enouoH  turir' 
a  time  long  enough  tc  permit  a  spe c trorcop  ic  ct  -dv.  A 
shown  by  using  a  high-speed  c i ne-came re ,  fere  ire  :  r. .  . 
or  two  electrical  discharges  on  the.  anode  jur'dee  a*  f  - 
same  time  (4),  hut  they  follow  one  another  at  random  . n 
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such  a  way  that  the  whole  surface  seems  to  emit  light  with 
the  same  average  brightness,  provided  the  electrolytic  vo] 
tage  is  qreat  enough  and  has  been  applied  between  the  elec 
trades  after  a  lapse  of  an  adequate  period  of  time  (a  few 
seconds).  Moreover,  the  =hoi t  life  created  micro-plasmas 
locally  vaporize  the  electrolytic  bath  and  the  heat  they 
radiate  is  sufficient  lo  maintain  the  gaseous  sheath  exis¬ 
tence  . 

The  life  of  the  emission  is  only  limited  by  the  anode 
erosion,  which  deperds  on  the  electrolytic  bath  composi¬ 
tion.  Diagnostic  methods  of  plasma  spectroscopy  are  well 
suited  to  study  the  anodic  plasma,  because  they  do  rot 
modify  the  state  nf  the  sheath,  neither  in  space,  nor  in 
time. Thus,  theoretical  r pe c t rose  op  ic  line  Profiles  are 
computed  and  compared  with  exper  mental  data  until  they 
agree  reasorably  well. 

EXPERIMENTAL  RESULTS  AND  MAIM 
COMPUTATION  HYPOTHESIS 

The  chosen  method  is  better  for  very  broad  line#  and, 
after  several  experiments  (1,3, 5, 6),  we  have  cheser,  to 
study  the  semi-degenerate  Afidip-2p  L  i  (  I  )  lines,  usirc  a 
molten  equi molecular  LiCl-KCi  mixture  as  an  electrolytic 
bath.  A  first  computation  of  theoretical  profiles  ir  the 
frane  of  the  impact  approximation  c~  the  relaxation  theory 
(7,8),  considering  an  important  self -absorption  led  (9) 
to  a  result  close  to  experimental  profiles  (rig.  1  ).  Howe¬ 
ver,  there  ‘sere  differences  between  expf|i;n>en‘a'  and  theo¬ 
retical  profiles  and  we  thought  that  a  uniform  electric 
field  could  be  one  reason  for  these  differences;  it  was 
then  necessary  to  modify  the  computation  in  order  tc  ac¬ 
count  for  this  field  (9,10). 

The  uniform  electric  field  E  is  polarized  along  the 
direction  of  observation  (perpendicular  to  <:hp  anode  axis) 
so,  one  observes  only  the  d  components  o*’  the  lines.  Fur¬ 
thermore,  it  is  necessary  tc  take  the  splitting  a"  atomic 
erergy  levels  into  account  in  the  theoretical  computation, 
before  the  electronic  and  ionic  microfields  perturbation-.. 

At  last,  the  electric  field  E  can  produce  an  inhomocene  Ity 
of  the  micro-plasmas . 
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was  carried  out  under  the  followinq  assumpt ions : 
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ft  computation  of  temperature  distributions  was  made  by 

solving,  for  various  values  of  £,  the  energy  balancing 
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F"  ig  .  1 -Experimental  profile  of  the  son  i-desener  a  t  e 
4  f  4  d  4  p  -p  2p  L  i  (  I  )  line  (no  perturbec  *"  r  e  c;  e  c  y  :  4602.9  )  . 
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ABSTRACT 


The  chemistry  of  tungsten  hexachloride  in  an  acidic  sodium 
chloroaluminate  (63  mole  7.  AlClj)  has  been  investigated  by 
electrochemical  and  spectroscopic  techniques  at  temperatures  of  150 
and  175°C.  Tungsten  hexachloride  undergoes  several  reduction  steps 
in  the  melt,  the  first  of  which  is  sensitive  to  the  presence  of 
oxide  containing  impurities.  UV-visible  absorption  measurements 
indicate  that  tungsten  hexachloride  reacts  with  oxides  in  the  melt 
to  form  the  oxide  tetrachloride  WOCl^.  Comparison  between 
spectroscopic  results  and  electrochemical  data  indicates  that  the 
first  voltammetric  wave  is  due  to  the  reduction  of  WClg.  The 
initial  amount  of  oxide  in  the  melt  as  well  as  the  equilibrium 
constant  for  formation  of  WOCI4  can  be  obtained  from  a  plot  of 
reduction  current  of  UClg  vs.  the  formal  concentration  of  W(VI). 


INTRODUCTION 


The  determination  of  oxide  impurities  in  molten  chloroalu- 
minates  has  been  the  subject  of  several  studies  during  the  last  ten 
years  (1-5).  These  impurities  are  very  difficult  to  avoid  in  such 
melts  (6)  and  may  have  pronounced  effects  on  the  behavior  of  other 
solute  species  of  interest  (7-9).  Moreover,  understanding  the 
oxide  chemistry  in  halide  melts  is  of  considerable  importance  to 
industrial  electrolytic  processes  for  the  production  of  aluminum. 
Most  of  the  methods  reported  for  quantifying  oxide  levels  in 
chloroaluminate  melts  are  based  on  electroanalytical  techniques  and 
use  a  transition  metal  ion  as  a  probe  solute  (such  as  Ti(lV)  (3) 
and  Ta(V)  (4)).  They  are  limited  to  basic  melts  only  (3, A).  On 
the  contrary,  the  most  recent  method  developed  in  our  laboratory 
employs  infrared  measurements  and  is  useful  for  acidic  as  well  as 
basic  melts  ( 5) . 
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The  chemistry  of  tungsten  in  an  acidic  molten  sodium 
ehloroaluminate  (63  mole  %  AlCl^)  is  currently  being  reinvestigated 
in  our  laboratory.  Results  obtained  several  years  ago  (10) 
indicated  that  this  element  exhibits  a  wide  variety  of  stable 
oxidation  states  in  the  acidic  melt  (+6,  +3,  4-2,  -4-11/6  and  0)  some 
of  which  involve  cluster  species  such  as  W^Clg^+.  Recent  results 
have  shown  that  in  the  presence  of  oxide  impurities,  hexavalent 
tungsten  is  involved  in  an  equilibrium  between  two  electroactive 
species,  the  hexachloride  WCl^  and  the  oxide  tetrachloride  WOCI4. 

In  this  paper,  an  elec t roanalyt ical  method  for  determining  oxide 
levels  based  on  the  previous  equilibrium  is  proposed. 


EXPERIMENTAL 


The  preparation  of  the  melts  has  been  reported  previously  (11). 
However,  no  aluminum  metal  was  added  to  the  melts  and  no 
electrolysis  between  aluminum  electrodes  was  performed  in  order  to 
purify  the  melts. 

The  purification  of  commercially  available  tungsten 
hexachloride  (Alfa  Products)  has  been  described  earlier  (10). 
Tungsten  oxide  tetrachloride  (from  Alfa  Products)  was  sublimed  once 
at  110°C  p  rior  to  use. 

Anhydrous  sodium  carbonate  (Fisher  Scientific)  was  dried  under 
a  CO9  stream  at  300°C  for  one  day  prior  to  use. 

Aluminum  oxide  chloride  was  synthesized  following  the  method 
described  by  Hagenmuller,  et  al . ( 12 ) 

The  electrochemical  experiments  were  conducted  using  a  PAR  174 
po larographic  analyzer,  a  PAR  175  Universal  Programmer  and  a 
Houston  2000  X-Y  recorder. 

Molecular  absorption  spectra  in  the  visible  and  ultraviolet 
regions  were  obtained  using  sealed  cells  and  a  Cary  14 
spectrometer.  Spacers  were  used  to  reduce  the  absorbance  of  the 
solutions  when  necessary.  Neutral  density  filters  were  used  in  the 
reference  compartment  to  record  spectra  with  absorbances  higher 
than  2. 

X-ray  powder  patterns  were  obtained  using  sealed 
capillaries  and  a  Phillips  Unit,  Model  XR9-2600. 


RESULTS  AMD  DISCUSSION 


Figure  1  shows  a  typical  cyclic  vol tammogram  for  a  solution  of 
WCl^  in  a  63/37  AlCl^-NaCl  melt.  Several  reduction  steps  were 
observed  before  the  cathodic  limit  of  the  melt,  the  iirsl  oi  whicn 
is  under  investigation  in  this  study. 

Analysis  of  cyclic  voltanmograms  recorded  at  different  scan 
rates  (0.01  to  0.5  V/s)  and  for  different  concentrations  (up  to  20 
mM  WCl^)  indicates  that  the  reduction  is  a  reversible  one-electron 
diffusion-controlled  step.  A  plot  of  the  function  logfij-i/i)  vs. 
E,  where  i^  is  the  limiting  reduction  current  of  the  normal  pulse 
voltammogram  and  E  is  the  potential,  is  linear  with  a  slope  in 
agreement  with  the  previous  conclusion  .  The  half-wave  potential 
was  found  to  be  +1.650  V  vs  the  potential  of  aluminum  in  the  same 
melt . 

The  limiting  current  of  the  wave  increases  with  the  formal 
concentration  of  WCl^  as  shown  in  Figure  2.  At  low  WClg  levels 
(below  3.5  X  10’-*  mole-L’*),  the  current  is  unexpectedly  low  but  it 
then  increases  linearly  with  the  concentration  as  the  latter 
becomes  higher  than  5.5  X  10  mole-L  .  The  intercept  of  this 
straight  line  with  the  concentration  axis  has  a  positive  value, 
indicating  that  something  has  to  be  neutralized  before  appearance 
of  the  voltammetric  wave. 

Figure  3  shows  the  change  of  the  UV-visible  absorption  spectrum 
of  a  WClg  solution  as  the  tungsten  concentration  is  varied.  For 
the  most  concentrated  solutions,  the  spectra  exhibit  one  intense 
absorption  band  at  333  nm.  When  the  solution  is  diluted,  that  band 
disappears,  and  two  new  ones  are  observed  at  355  and  230  nm, 
suggesting  that  hexavalent  tungsten  is  involved  in  an  equilibrium 
between  different  species.  It  is  worthwhile  pointing  out  that 
these  changes  occur  in  the  same  concentration  range  as  for  the 
voltammetric  current-concentration  plot. 

It  is  known  that  WClg  easily  reacts  with  ox ide -cont a i n ing 
species  (13)  to  produce  tungsten  oxide  tetrachloride,  W0C1/,.  Since 
the  melt  was  probably  contaminated  with  oxide  (2,6),  it  was  assumed 
that  W(VI)  was  involved  in  an  equilibrium  between  an  oxvchloro-  and 
a  chloro-  species. 

The  UV-visible  absorption  spectra  of  WC1&  and  WOC.I4  in  the 
vapor  phase  (where  both  compounds  are  known  to  be  monomeric  (13)) 
are  represented  in  Figures  4  and  5.  WOCI4  has  absorption  bands  at 
A60,  355,  270  (shoulder  =  sh ) ,  250  (sh),  and  220  nm,  while  WClj, 
exhibits  bands  at  430  (sh),  375  (sh),  328,  275  (sh)  and  255  nm. 
Comparison  with  the  spectra  of  WC16  solutions  indicates  clearly 
that  at  low  formal  tungsten  concentrations,  the  oxide  tetrachloride 
is  the  only  tungsten  entity  present  in  the  melt,  while  at  higher 
concentrations,  WCl^  also  exists.  This  suggests  that  dissolved 
WClg  reacts  with  oxide-containing  impurities  initially  present  in 
the  melt.  The  intercept  of  the  linear  part  of  the  current - 
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concentration  curve  with  the  concentration  axis  should  give 
directly  the  initial  concentration  of  oxide  in  the  melt  (expressed 
as  n02'").  Values  obtained  from  three  different  experiments  were 
in  the  range  2.6  to  3.3  X  10‘^  mole/1  of  n02-". 

In  order  to  confirm  the  previous  deductions,  oxide  w  s 
deliberately  added  to  a  concentrated  WCl^  solution  (Figure  6)  by 
successive  additions  of  Na^CC^.  The  voltammetric  wave  decreased  in 
intensity  after  the  first  addition  of  oxide  (Figure  6b)  and  then 
vanished  when  the  amount  of  oxide  exceeded  that  of  WCl^  (Figure 
6c).  Calculations  based  on  the  decrease  of  the  voltammetric 
current  and  on  an  initial  amount  of  oxide  obtained  from  the 
extrapolated  calibration  curve  (Figure  2,  curve  obtained  at  175°C) 
are  in  agreement  with  a  one  to  one  reaction  between  WCl^  and  02~. 

Figure  6d  shows  that  WOCl^  is  also  electroactive  in  the  melt 
but  at  more  cathodic  potentials  that  WCl^,  as  the  wave  below  +1.6  V 
increases  upon  addition  of  WOCI4. 

The  fact  that  WCl^  appears  to  be  a  stronger  oxoacid  than  A1C1 - 
was  confirmed  by  reacting  WCl^  with  A10C1  at  180°C.  The  reaction 
produced  quantitatively  WOCI4  anc*  AICI3  as  shown  by  X-ray 
diffraction  analysis  of  the  products. 

From  the  linear  and  non-linear  parts  of  the  calibration  curve 
at  150°C  (Figure  2),  we  have  estimated  the  value  of  the  apparent 
equilibrium  constant  for  the  following  reaction  (the  concentrations 
of  AICI4"  and  AI2 Cl 7“  have  been  assumed  constant) 

2  WC16  +■  [(A10+)2(A1C14“)2)  +  U  A1C14' 

=  2  W0C14  +  A  Al2ci7‘ 

A  value  of  7.3  10^  1/mol  was  found. 
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ABSTRACT 

A  fiber  optic  based,  microprocessor  controlled  spectroelectrochemistry 
system  suitable  for  the  remote  acquisition  of  transmission  spectroelectrochem- 
ical  data  is  described.  This  system  utilizes  a  commercial  fiber  optic  spec¬ 
trophotometer  and  employs  a  reticulated  vitreous  carbon  optically  transparent 
electrode.  It  can  be  used  to  collect  data  in  reactive  liquids  that  are  iso- 
lated  in  a  glove  box  or  other  controlled  atmosphere  environment.  The  system 
is  completely  controlled  by  two  hnked  microprocessors  that  collect  both 
electrochemical  and  spectral  data  simultaneously.  The  application  of  this 
system  is  demonstrated  through  experiments  with  the  tris(2,2'-bipyridine)ru- 
thenium(IIi/iIII)  and  hexachloroiridate(iII)/(lV)  redox  systems  in  the  alumi¬ 
num  chloride-l-methyl-3-ethylimidazolium  chloride  room  temperature  ionic 
liquid. 


INTRODUCTION 

The  application  of  spectroelectrochemical  techniques  to  investigations  in 
molten  salts  has  been  reviewed  (1).  Research  in  this  area  has  been  conducted 
in  both  high  temperature  melts  (2-5)  and  in  ionic  liquids  that  are  molten  at 
or  near  room  temperature  (6,7).  Research  in  our  laboratory  is  concerned  with 
transition  metal  halide  and  oxide  halide  complex  chemistry  in  room  temperature 
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haloaluminale  ionic  liquids  (8)  l i k « •  aluminum  »  hinrieie  ]  nu-t  liyl  .(  et  h\  i 
imida/olium  chloride  <  AH'Lj  MeKt  i  m  ( '  1 )  (0).  In  ordei  to  fuilv  explore  this 
chemist rv.  we  li.i'  e  const rm  t  ed  a  mic  i opi o<  cssoi  *  < > i * t ? i > ! i » • « i  tib<*i  u|*n 
based  spec  t  melee  t  r  oc  lo  niisl  r  v  system  and  a  cell  with  a  reticulated  vitro 
ous  carbon  optically  transparent  electrode  IKV(  -OTK)  (10>  Tlu*  latter  was 
const i uc t ed  from  Teflon  and  fused  silica  This  cell  is  designed  specif) 

cally  foi  use  with  these*  reac  tive  solvents  The  properties  of  ret k  ulat ed 
vitieous  caihon  or  glassy  carbon  foam  electrodes  have  been  <iis«  usseej  Hit 
The  main  advantage  of  the  speetroelecl mrhernistry  svstem  described 
herein  is  that  it  can  be  used  to  acquire  data  direct  |\  inside  a  enntwdled 
at niospliere  glove  box  while  the  spectrophotometer  arid  electrochemu  al 
ll»st  I  urnent  a*  ion  remain  outside  and  accessible  Some  of  tin*  tr<l:n.qins 
that  i  an  h«*  carried  out  with  this  system  an  <  hronoampei  <nn<  1 1  v  <  hmim- 
eouloiiiet  r  v  «  hn'iioahsor  pi  eniet  r  v.  Volt  ainmet  t  \  .  velt  ahsoi  pi  otnel  i  \  .  aid 
spec  ♦  r  np.it  .ril  ms!  at  u  experiments  in  this  article  wo  describe  fit!" 
sp«  •  1 1  oelect  i  cm  hemic  al  svsl  <‘in  and  illustrate-  the  nnplemc  nl  .it  ion  of  these 
technique’s  in  room  temperature-  haloahiminat c  melts 

SI* Id  TKOI-.i.Tt  TK()<  HI  M ISTKY  SVSTKM 

The  c  oust  r  in  t  ion  of  the  KV(  -Oil*,  cell  and  cell  holder  have  been  *!♦»>•»  t  • 

bed  <  1  f  M  The  major  instruments  that  comprise  the  spe  c  1  r  cm  U  «  1 1  m  n»st  j  \ 

system  ale*  a  (dueled  Wave  Model  100  l  optical  waveguide  speclfUM  a li a  1  Wei 

a  Tandy  Model  1000  mi*  i  oc  nmput  or.  a  1b  hit  mo  i  ei  omwit  e;  (I  I'M  T<  A  I 

equivalent),  an  AMK1.  Mode]  a  A  2  pot  ent  iosl  at  ari  AMK1  Model  Sot.  funin.ii 
biuret  ator  and  a  PAW  Model  !t?0  dipital  roulomc  tei  vs  j  h  a  10  1)  output 

The  (iuulc’d  W  ivc  spec  i  r  m-hot  mn«*;  er  was  equipped  with  both  tungsten  n:d 
deuterium  light  sour-  es.  a  silicon  diode-  dele,  ti a.  and  a  1200  Inn-*-  rie: 
concave  hoiogiaphn  grating  The  Tandy  computer  was  quipped  with  1  2H  Kh 
HAM  on  the  mother  ho. ud.  an  US  2  12  serial  communications  board  and  a 
Tan  Pale  :»12  Kh  KAM  expansion  card  {Hard  I )  r » v « *  Specialist)  w.iii  an  addit  rur¬ 
al  serial  p'*M  and  quart/  'lock  !  ►  1  <»  hit  microcomputer  was  equ-ppeci 

a.!|i  1  Mb  HAM  a  20  Mb  hard  disk  a  serial  interface  c.e.i  a  t  1  ) 

HCl)  care!  (Me  I;. -Pole},  and  an  Ai  »AI.AH  J’<  ( I  nt  e -i -e.  t  ivc  Mu  low  o.l  III!  er  }  . 
ard  This  card  was  foMiishe<i  with  holt'  dift  er  er.r ■  al  pit  **gi  at  ,?>g  arid 


successive  approximation  12-bit  analog  digital  converters.  two  12-bit 
digital  analog  converters,  and  a  four  channel  mult ipiexer .  A  schematic 
diagram  of  the  system  is  shown  in  Figure  1 

The  Tandy  computer  was  used  to  control  l fie  Guided  Wave  spectrophoto¬ 
meter  and  acquire  spectral  data  through  a  proprietary  interface  card  and 
software  supplied  by  the  instrument  manufact  ui  or  The  16  hit  computer, 
which  served  as  the  master  unit,  was  used  to  control  the  start  of  an 
experiment  by  simultaneously  triggering  the  AMK1.  function  generator 
through  a  digital  trigger  and  initiating  spectral  acquisition  by  the  T  ndy 
1000  (iiiiihul  Wave  spectrophotometer  through  a  serial  communications  link 
The  sweep  voltage  from  the  function  generator  was  monitored  with  cr.° 
channel  of  the  fom  channel  multiplexer  by  using  the-  integrating  A  I) 
converter.  The  second  channel  was  used  to  sample  the  current  at  the 
coulometer  during  an  experiment.  The  B('P  link  was  used  to  monitor  the 
charge  Alternately,  one  of  the  digital' analog  converters  was  sometimes 
used  in  place*  of  the  analog  function  generator  to  generate*  waveforms. 
Processing  of  both  spectral  arid  electrochemical  data  was  carried  out  with 
LOWS  123  so/fwaie. 

A  unique  aspect  of  the  KVO-OTK  cell  is  the  positioning  of  a  porous 
barrier  between  the  OTK  cavitv  and  the  reference  and  counter  electrode 
compartments  U0).  This  barrier  virtually  eliminates  the  edge*  currents 
common  to  many  OTK  cells,  especially  those  constructed  from  minigrids, 
where  one  or  more  edges  of  the  OTK  electrode  arc  exposed  to  the  bulk 
solution  containing  the  electroactive  solute  No  hulk  solution  containing 

clectronctive  solute  need  he  present  in  this  cell  In  addition,  the 

solution  for  analysis  can  be  weighed  directly  into  the  0T1;.  compartment  no 
prior  calibration  of  the  volume  of  this  compartment  is  necessarv 

SPKfT H 0 K1 , K< ’T K 0( ' H K M 1  ST K Y  EXPERIMENTS 

Hoorn  temperature  halo.iluwinaf  c  mops  are  relatively  viscous  compared  to 
conventional  solvents  As  a  consequence,  the  diffusion  coefficient  for  a 
g  ven  elec  If  one t  ive  specie*  m  these*  melts  is  usually  one  or  more  orders 
of  magnitude  smaller  than  in  conventional  solvents  like  water  or  aceto 
nitrile  Hence,  the*  current  observed  during  an  electrochemical  experiment 


with  the  melt  is  much  less  than  that  observed  with  most  conventional 
solvents,  and  longer  times  are  required  to  accumulate  the  charge  cor¬ 
responding  to  complete  electrolysis  of  a  given  number  of  moles  of  solute. 
Consequently,  sweep  experiments  like  cyclic  voltammetry  must  be  undertaken 
at  very  slow  voltage  scan  rates. 

Chronocoulometry  and  Chronoabsorptometry  -  Chronoabsorptometric  techni¬ 
ques  involve  selective  monitoring  of  the  absorbance  arising  from  one  or 
more  of  the  species  consumed  or  produced  during  an  electrode  reaction 
initiated  with  a  potential  step.  Ohronocoulometric  charge  time  and  chron¬ 
oabsorptometric  absorbance-time  plots  for  the  oxidation  of  tris(2.2- 
bipyridinc)ruthenium(II)  cation  ((Ku(bipy)^]24 )  in  the  60  mole  %  AlCl^ 

MeEtimCl  melt,  which  resulted  from  stepping  the  potential  of  the  RVC-OTE 
from  0.70  to  1.50  V  versus  A1  in  the  66.7  mole  %  A1C1  -MeKtimCl  melt,  are 

2+  ^ 

shown  in  Fig,  2.  The  (Rulbipyl^l  '  electrode  reaction  has  been  found 
to  be  reversible  and  uncomplicated  by  coupled  homogeneous  chemical  steps 
in  a  similar  molten  salt  system,  aluminum  chloride-l-butylpyridinium 
chloride  (12)  The  chronoabsorptometric  plot  was  obtained  by  monitoring 
the  IRutbipyl^l2*  absorbance  maximum  located  at  454  nm  The  theoretical 
charge  expected  based  on  the  exhaustive  one-electron  oxidation  of  the 
[Ru(bipy)j|2  cation  in  the  solution  that  was  weighed  into  the  RVC-OTE  was 
0.01221  coulombs  An  uncorrected  experimental  value  of  0.01224  coulombs 
was  recorded  during  this  experiment,  and  this  value  suggests  that  n  ■ 

1.00.  These  results  illustrate  the  complete  retention  of  the  electro¬ 
active  solute  in  the  RVC-OTE.  and  they  suggest  that  IRulbipyl^)2*  under¬ 
goes  the  expected  one-electron  oxidation  to  [Ru(bipy)g]^* .  The  chronoab¬ 
sorptometric  plot  is  essentially  a  mirror  image  of  the  chronocoulometric 
plot  The  flat  response  of  the  latter  plot  (Fig.  2),  which  is  observed 
after  approximately  £800  s  have  elapsed,  illustrates  the  absence  of  edge 
effects  associated  with  this  cell. 

Voltammetry  and  Voltabsorptometry  Voltabsorptometric  techniques 
involve  the  simultaneous  acquisition  of  both  potential  and  absorbance  data 
during  a  potential  sweep  experiment  (13)  These  techniques  are  especially 
useful  for  selective  monitoring  of  an  electrode  reaction  in  the  presence 
of  large  background  currents  or  currents  arising  from  other  electroactive 
solutes  that  are  oxidized  or  reduced  in  the  same  potential  region  as  the 
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species  of  interest.  In  order  to  apply  these  techniques,  an  accessible 
spectral  region  must  be  available  in  which  either  the  oxidized  or  reduced 
form  of  the  redox  couple  of  interest  exhibits  absorption  and  in  which 
there  is  no  absorption  by  any  species  that  may  be  participating  in  para¬ 
llel  redox  reactions. 

The  cyclic  voltammetric  and  voltabsorptometric  responses  that  were 
obtained  from  the  application  of  a  0.2  mV  s  '  potential  sweep  program  to 
the  RVC-OTE,  which  contained  the  same  (Ru(bipy)^|^>  solution  used  in  Fig. 

2,  are  shown  in  Figs.  3  and  4.  respectively.  The  triangular  potential 
sweep  program  that  was  used  for  these  experiments  extended  from  0  90  to 
1  50  and  back  to  0.90  V.  The  wavelength  was  monitored  at  454  nm  in  order 
to  record  the  voltabsorptometric  response. 

The  differential  voltabsorptometric  wave  (Fig.  4b)  was  obtained  by  dif¬ 
ferentiation  of  the  data  in  Fig.  4a.  and  it  matches  Fig  3  closely  for 
this  reversible  uncomplicated  electron  transfer  reaction.  Half  wave 
potentials  of  1.24  V  were  calculated  from  both  Figs.  3  and  4b.  These 
values  are  in  good  agreement  with  the  estimate  of  Ej  ^  *  1.22  V  that  was 
determined  with  cyclic  voltammetry  at  a  glassy  carbon  disk  electrode  in  a 
separate  experiment. 

Spec tropotentiosta tic  Experiments  -  The  spectropotentiostatic  technique 

involves  the  measurement  of  absorption  spectra  after  Nernstian  equilibrium 

has  been  attained  at  the  OTE  following  steady-state  potential  steps  (14). 

This  technique  is  useful  for  obtaining  estimates  of  iR  free  formal  cell 

potentials,  E°'  (14).  Significant  potential  errors  due  to  uncompensated 

cell  resistance  are  sometimes  present  in  formal  potentials  originating 

from  voltammetric  measurements.  The  spectropotentiostatic  technique 

provides  a  viable  non-potentiometric  method  for  estimating  E"'  In  these 

experiments  the  applied  potential,  E  .  is  useo  to  control  the  ratio 

a 

( Red |/(Ox)r  when  equilibrium  has  been  achieved  in  the  solution  entrained 
in  the  OTE,  the  absorption  spectrum  is  recorded.  Both  E0'  and  n  for  a 

redox  reaction  can  be  calculated  from  a  series  of  absorption  spectra 
recorded  at  different  F,  by  monitoring  the  absorbance  of  the  electroactive 
species  in  the  OTE  at  a  selected  wavelength  and  then  plotting  the  data 
according  to  the  following  equation  (14): 


2.HKT/nK  log(|A 


AI.1A  ACxl» 


t: 

a 


Red 


^Red  AOx*  an<^  A  correspond  to  the  absorbance  of  the  completely  reduced 

solution,  the  absorbance  of  the  completely  oxidized  solution,  and  the 

absorbance  of  the  solution  at  some  E  value  inter mediate  between  those 

a 

used  to  establish  A^e(j  and  A^x.  respectively. 

A  series  of  spectropotentiostatic  experiments  for  the  {Irt.'lgJ^  ^ 

redox  system  in  the  49.0  mole  %  AlCI  MeKtimCI  room  temperature  ionic 

liquid  are  shown  in  Fig  5.  In  each  experiment,  the  RVC-OTK  was  held  at 

H  until  current  ceased  to  flow  and  the  optical  response  at  494  mu  became 

constant.  A  plot  of  E  versus  iog([A0  .  A1  1A  -  A..  II,  which  was  der- 
a  Ked  wx 

ived  from  the  series  of  spectropotentiostatic  experiments  shown  in  Fig.  5. 
is  shown  in  Fig.  b.  1’he  slope  of  this  plot  is  0.062  V  at  40.0  °C  (0  062  V 
is  expected  tor  n  1).  and  the  intercept  is  E*  0.47  V.  The  latter 
compares  favorably  with  a  value  of  K°  0.47  V  that  was  r  uirulutcd  from 
voltammetric  data  obtained  with  a  glassy  carbon  rotating  disk  «4e..trode. 
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potential  was  stepped  from  an  initial  value  of  0.70  to  1.50  V,  and  the  wavelength  was  monitored 
at  454  nm. 


Current  (mA) 


Potential  (V) 

Figure  3.  (  v<  lie  vullnminot ri c  wave  1  < n  the  solution  described  in  1'ig  2 

at  the  RVr-OTK  The  scan  rate  was  0  2‘\)  mV  s 
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SPECTROCHEMICAL  AND  ELECTROCHEMICAL  PROPERTIES  OF  SOME 
LANTHANIDES  AND  ACTINIDES  IN  ROOM  TEMPERATURE  MELT 

Snyama  P.  Sinha 

Department  of  Chemistry,  University  of  Dayton 
Dayton,  Ohio  45469,  U.S.A. 


Spectroscopic  and  electrochemical  behavior  of  melts  consisting  of 
1  -methyl-3-ethylimidazolium  chloride  and  A1CL  and  solutions  of 
Ce(III),  Tb(IIJ)  and  U(V)  in  0.4  (basic)  melt  have  been  investigated. 

The  predominant  species  in  solution  was  found  to  be  [MCl^]  .  The 
melt  has  been  modified  by  treating  it  with  gaseous  HC1  to  increse 
the  conductivity.  NMR  data  shows  the  presence  of  a  highly  acidic 
proton,  and  a  melt:HCl  ratio  of  1:1. 

The  family  of  ambient  temperature  melts  resulting  from  1 ,3-dialkylimidazolium 
chloride  and  AlCl^  was  discovered  at  the  Frank  J.  Seiler  Laboratories  of  the 
U.S.  Air  force  Academy  in  Colorado  Springs  [1].  The  most  extensively 
investigated  room  temperature  melts  consist  of  a  mixture  of 
1  -mefhyl-3-ethyiimidazoIiurn  chloride  (MEIC?  (1/  and  AlCl^  i-"'  various  me le 
ratios.  These  melts  possess  very  interesting  solvent  properties.  Some  of  the 
typical  advantages  and  disadvantages  are: 

Typical  Advantages 

’Stable  and  relatively  easy  to  prepare 
’Low  liquidus  temperature 

’Liquid  over  a  wide  temperature  range  ( - 80  to  -70°C> 

’Large  variability  of  Lewis  acid/base  properties 

’Anhydrous  aprotic  solvent 

’Large  electrochemical  window  (2.6  V) 

’Good  UV/VIS  spectral  transparency  (down  to  250  nm) 

’Conductivities  of  the  ambient  temperature  melts  are 
comparable  to  that  of  fhe  molten  salts  and  aqueous  electrolytes 
’Miscibility  with  organic  solvents 

Disadvantages 

•High  sensitivity  to  air  and  moisture 

•Corrosive 

•High  viscosity 
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1.1  Spectroscopic  Properties  of  the  Chloroaluminote  Melt 

The  hydrated  chloride  ion  [(Cl  Xf^O)  ]  absorbs  in  the  far  UV  region.  In 
aqueous  solution  the  first  band  appears  around  194  nm  possibly  due  to  the 
charge  transfer  transition.  The  alkali  metal  ions  that  do  not  absorb  in  this 
range  has  virtually  no  effect  on  the  position  of  this  band.  Aqueous  solution  of 
1  -methyl-3-ethyIimidazoiium  chloride  (MEIC)  (1)  showed  p  br^ad  band  at  208 
nm  (Fig.  1)  with  molar  absorbtivity  of  4.33  x  10  M  cm  agreeing  with 
previous  measurements  [2],  The  high  absorbance  peak  is  due  to  the  organic 
chromophore  of  the  MEIC  cation  (I). 

The  melts  containing  less  than  0.5  mole  fraction  of  AlCl^  (i.e.  basic 
melts)  exhibit  an  absorption  edge  cut  off  at  250  nm.  The  AlCl^  species  present 
in  these  melts  probably  absorbs  strongly  around  246  nm  and  excludes  the 
possibility  of  observing  the  peak  due  to  MEIC  cation  moiety.  However,  as  the 
mole  fraction  of  Al^Cl^  is  increased,  the  acidic  melts  are  found  to  absorb 
strongly  around  280  nm  (Fig.  2).  The  sample  containing  virtually  100%  ALCU 
(N=  0.6665)  also  showed  a  broad  band  at  335  nm  beside  the  peak  at  280  nm. 
The  high  wavenumber  shoulder  is  probably  due  to  other  oligomeric  form:  of 

chloroaluminote,  ((A1C1  1  1. 

y  x 

We  have  examined  a  solution  of  LiAlCl^  in  acetonitrile.  The  spectrum  is 
shown  in  Fig.  3.  The  band  at  240  nm  in  this  spectrum  is  due  to  [AlCl^J  anion 
agreeing  with  the  strong  absorbtion  edge  observed  for  the  basic  melts 
containing  the  same  species.  On  hydrolysis,  rhe  peak  at  240  nm  is  displaced  by 
a  peak  at  260  nm  (Fig.  3)  possibly  due  to  the  hydrolysis  of  the  chloroaluminote 
anion  to  produce  A  1(1  II )  aquo  ion,  (AKO^K).  It  is  found  that  AI(II[i  aquo  ion 
at  a  pH  0.9  exhibits  rhe  same  spectrum  profile  with  a  peak  at  258  nm.  Recent 
spectroscopic  investigation  of  McIntyre  et  al.  [3]  on  the  hexaaquo- Al(III)  ion 
confirmed  the  presence  of  other  equilibria  involving  the  aquo  ion,  hydroxide 
ion  and  the  counter  anions. 

The  excitation  and  emission  spectra  of  1  -methylimidazole  (MIM),  MEIC 
and  0.4  melt  were  investigated.  Both  M!M  and  MEIC  show  a  strong  and  sharp 
excitation  peak  at  245  nm  and  a  broad  photoluminescence  peak  at  445  nm. 
This  luminescence  is  due  to  t*  R>  t  transition  of  the  imidazolium  moiety.  T^e 
excitation  spectrum  of  the  melt  (0.4)  consisted  of  three  peaks  at  270,  355  and 
395  nm.  On  excitation  with  270  and  355  nm  radiation,  we  were  able  to  observe 
a  strong  emission  band  at  445  nm  similar  to  that  observed  foi  MIM  and  MEIC 
solutions  (Fig.  4).  However,  excitation  of  the  melt  (0.4)  with  395  nm  radiation 
prod  uced  a  new  luminescence  peak  at  470  nm,  which  is  tentatively  assigned  to 
the  coexcited  chloroaluminote  species,  fluorescence  studies  on  other  mel* 
compositions  are  in  progress  and  will  be  repot  'eel  elsewhere. 

Further  characterization  of  the  melts  may  be  carried  out  from  the  ob 
served  difference  in  the  far  IR  spectra  due  to  the  prescence  of  dif  fm  er t 
chloroaluminajte  species  (AlCl^,  Al^Cl-J  iFicj.  5).  The  spectral  difference  in  the 
600-200  cm  region  is  due  to  the  difference  in  symmetry  of  the  two 
prominent  chloroaluminote  species  described  earlier.  We  were  also  able  to 
observe  characteristic  difference  in  the  hydrogen  bonding  region  (3300- ?900 
cm  )  between  a  0.4  and  a  0.6  melt.  This  region  is  complicated  by  the 
presence  of  CH  vibrations  from  the  methyl  and  ethyl  groups  and  definite 
conclusion  have  to  wait  further  analysis.  The  present  author,  however,  strongly 
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believes  that  a  considerable  amount  of  hydrogen  bonding  exists  between  .he  2H 
of  ME1C  moiety  and  the  chloride  ion  or  the  AlCl^  anion  in  the  basic  melts. 

1.2  Electrochemical  Properties 

The  electrochemical  window  of  the  chloroaluminate  melt  is  limited  by  the 
reduction  of  imidazolium  cation  and  the  oxidation  of  Cl  (  AICL,  and  AlyCly  an¬ 
ions.  Below  0.5  mole  fraction  the  anodic  potential  is  governed  ay  the  oxidation 
of  Cl  and  is  limited  to  about  1.0V.  Our  basic  melt  (0.4)  exhibited  an 
electrochemical  window  1.4V  with  respect  to  a  A1  in  0.6  melt,  at  a  scan  rate 
of  50  mV/s  agreeing  well  with  that  determined  by  Wilkes  et  al.  [1],  The 
electrochemical  windows  are: 

0.4  melt:  0.97  to  -1.6  V 
0.6  melt:  2.35  to  -0.05  V 

Other  physical  properties  like  the  transport  numbers  [2],  densities,  phase 
trasitions,  conductivities,  viscosities  [4]  have  been  measured.  Comprehensive 
NMR  studies  [5]  and  theoretical  molecular  orbital  calculations  [6]  have  also 
been  carried  out. 

2  Properties  of  Some  Lanthanides  and  Actinides  in  Chloroaluminate  Melt 

Lanthanides  and  actinides  are  groups  of  very  similar  elements  which 
exhibit  a  wide  variation  of  oxidation  states.  The  aqueous  redox  potentials  of 
several  of  these  ions  are  summarized  below.  In  certain  lanthanides  these  redox 
potentials  show  drastic  change  due  to  complexation  and/or  change  in  solvent 
polarity  (cf.  Ce(UI)).  Added  advantages  in  working  with  the  lanthanides  and 
actinides  are  that  UV/VIS  and/or  fluorescence  spectra  may  be  used  for 
identification  of  the  species  present  in  melt  solution. 

2.1  Ce(III)  Ion  (4f'): 

The  redox  behavior  of  Ce(III)/Ce(IV)  couple  is  strongly  dependent  on  the 
nature  of  the  counter  ion  present  in  aqueous  solution.  While  the 
non-coordinating  anion  like  perchlorate  results  in  a  E°  value  of  1.70V,  the 
strongly  coordinating  carbonate  anion  is  found  to  produce  a  drastic  change  in 
the  redox  potential  value  (0.05V)  [7].  The  following  anion  dependence  E°  values 
are  observed:  1.70V  (1 M  HC10A  1.61V  (1M  HNOJ,  1  -44V  (1M  H?SOA  1.28V 
(2M  HCI)  and  0.05V  (5.5M  <2C03).  J  L 
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The  redox  behavior  of  Ce(III)/Ce(iV)  couple  in  MEIC-AlClj  melt  (0.4)  has 
been  extensively  studied  by  us  [8]  using  a  glassy  carbon  electrode.  The  redox 
process  is  found  to  be  quasi-reversible  with  a  E  ,,  value  of  0.79V  against  a 
reference  electrode  consisting  of  A1  in  0.6  MEIC-rAfCl.,  melt.  Fig.  6  shows  the 
variation  of  the  cyclic  voltammetric  profile  for  Ce(III)  in  0.4  melt  with  scan 
rate.  The  calculate^  rate  constant(k°)  for  this  one  electron  transfer  redox 
process  is  1.20  x  10  cm/sec. 

The  species  present  in  the  melt  was  found  to  be  the  hexachloro  complex 
of  cerium  from  its  charge  transfer  specfrjjm  between  310  and  350  nm  and  the 
Ce-Cl  stretching  frequency  at  280  cm  in  the  infrared  region  (Fig.  5)  [9]. 
The  final  confirmation  of  the  tervalency  of  cerium  in  0.4  melt,  before  the 
electrochemical  oxidation,  came  from  the  observation  of  ionic  fluorescence  at 
370  nm  for  the  cerium  confainig  melt  (Fig.  7).  The  Ce(IV)  solutions  do  not 
exhibit  this  type  of  ionic  fluorescence.  Combining  the  electrochemical  und 
spectroscopic  data  we  find  the  electroactive  species  to  be  hexachloro- 
cerium(lll)  ion,  [CeCI^  ]. 

2.2  Tb(III)  (4f8)  Ion: 

It  is  tempting  to  assume  that  Tb(IIi)  ion  with  one  more  electron  than  the 
half-filled  configuration,  4f7,  will  easily  loose  an  electron.  Unfortunately,  it 
has  not  been  possible  to  oxidize  Tb(III)  to  Tb(IV)  in  aqueous  solution.  The 
estimated  E°  value  for  Tb(IlI)/(IV)  couple  is  above  2.8V,  and  Tb(IV),  if  present, 
in  aqueous  solution  will  tend  to  oxidize  water. 

Attempts  to  measure  the  Tb(Ili)/(IV)  couple  in  0.4  melt  (MEIC-AICI^)  has 
also  been  unsuccessful.  However,  we  were  able  to  observe  the  characteristic 
green  ionic  fluorescence  from  Tb(lll)  in  0.4  melt.  Excitation  of  the  Tb(III) 
solution  at  the  ligand  (MEIC)  absorption  band  (348  nm)  resulted  in  a  very  broad 
fluorescence  band  of  the  organic  moiety  with  a  maxima  at  450  nm.  No  shorp 
fluorescence  due  to  Tb  was  noticeable.  A  time-resolved  fluorescence  study 
(Fig.  8)  revealed  a^rise  time  of  -50gs  for  Lie  ionic  florescence.  The  sharp 
fluorescence  from  level  of  Tb(lll)  to  the  ground  F^  multiplets  became 

evident. 

We  were  interested  in  measuring  the  lifetime(t)  of  the  excited  level 

by  monitoring  the,  time  dependent  decay  of  the  green  fluorescence  at  550  nm 
due  to  the  D^-»  F^  transition  of  Tb(III).  An  average  value  of  r  =  2.34  ms  was 
observed.  A  comparison  of  this  data  with  that  of  the  aquo  ion  agd  Tb(III)  in 
other  anhydrous  solvents  is  presented  below.  The  lifetime  of  the  level  in 

0.4  melt  is  about  five  times  that  of  the  aquo  ion  and  it  is  higher  than  that  of 
TbCL  in  A1CU  vapor  phase  complex.  The  T-  value  is  very  close  to  that  of  the 
anhydrous  laser  liquid,  POCl^SnCI^.  It  is  conceivable  that  0.4  MEIC-AICl^ 
melt  may  compete  favorably  with  anhydrous  POClySnCl,  solvent  as  a  laser 
liquid.  From  a  series  of  spectroscopic  measurements  and  a  charge  transfer 
band  of  Tb(III)  in  0.4  melt,  it  is  concluded  that  the  active  species  present  in 
solution  is  probably  [TbCl^v-]  ion. 

Comparison  of  the  Lifetime  (msec)  Data: 

Levels  Aquo  ion  TbCl3-(A!Cl3)x  Tb:POCl3:SnCl4  Tb-MEIC-AICl3 
5D3  -  0.29(250°C)  0.29(25°C)  0.40(25°C) 

5D4  0.43(25°C)  1.52(250°C)  2.75(25°C)  2.34(25°C) 
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2.3  Sm(III)  4F*,  Eu(III)  4f*,  Yb(lII)  4f13  Ions: 

Trivaient  Sm,  Eu  and  Yb  could  be  easily  reduced  in  aqueous  solution.  We 
have  recently  measured  the  M(III)/(II)  redox  couple  in  aqueous  solution  (1M 
KC1).  The  E  values(V)  obtained  from  the  cyclic  voltammograms  are  -0-5 
(Eu),  -1.6  (Sm;  and  -1.2  (Yb).  These  values  are  in  agreement  with  those 
predicted  by  Nugent  et  al.  [10].  Recently,  Schoebrechts  et  al.  [11]  have 
conducted  cyclic  voitammetric  studies  on  these  ions,  but  using  1  -butyl- 
pyridinium  chloride  (BPC)  and  AiCl^  melt.  Electrochemical  and  spectroscopic 
studies  were  carried  out  in  acidic  BPC-AICL  melt  (0.6).  These  authors 
reported  the  following  E  values(V);  +1.86  (E^u),  +0.66  (Sm)  and  +1.23  (Yb). 
They  proposed  the  gresen<?6  of  species  like  MCI*"*  (Sm,  Yb),  YbCl^,  YbCl  + 

beside  the  free  M  and  M  ions.  It  is,  however,  difficult  to  see  how  the 
acidic  melts  have  contributed  to  the  formation  of  the  lower  chloro-species, 
unless  these  species  have  resulted  from  the  dissociation  of  the  lanthanide 
trichlorides  used  in  these  studies.  We  are  at  present  systematically  studying 
these  systems  in  MEIC-AICI^  melts  and  the  results  will  be  reported  in  the  near 
future. 

2.4  U(V)  5f 1  Ion: 


Uranium  present  an  interesting  challange  to  the  electrochemists.  The 

oxidation  state  may  vary  between  3  and  6.  In  aqueous  solution  "ncked"  U(V) 

and  U(VI)  are  rare.  We  were  interested  in  preparing  a  solution  of  U(IV)  by 
dissolving  UCI^  in  0.4  MEIC-AICL  melt.  The  resulting  solution  was  green  in 
color,  show:ng  the  presence  of  U0V)  ion  in  solution.  However,  within  a  few 
hours  the  green  solution  bleached  to  a  clear  yellow  color.  Spectroscopic 
examination  of  this  yellow  liquid  showed  no  absorption  bands  due  to  U(IV)  nor 
did  it  exhibit  the  characteristic  peaks  of  the  UC>2  ion  in  the  visible  region. 
The  spectrum  profile  {Fig.  9)  (II],  however,  corresDonded  closely  to  the 

reported  [12]  U(V)-ch|oro  complex,  UCI,,  in  nitromethane  solution.  The  species 
resposible  for  causing  oxidation  of  U{JV)  to  U(V)  is  believed  to  be  the  proton 
(H  )  generated  from  the  minute  amount  of  water  present  as  water  of 
crystallization  in  MEIC  and  acting  as  a  strong  oxidizing  agent  in 

almost-anhydrous  chloroaluminate  mel*. 


Cyclic  voitammetric  studies  were  performed  on  this  unusual  solution  of 
UCI,  by  scanning  the  glassy  carbon  electrode  between  0.6  and  -1.2V.  In  dilute 
solution  a  cathodic  peak  (U(V)-»(IV))  was  observed  around  -0.7V  but  no  anodic 
peak  was  found.  It  was  apparent  that  reoxidation  of  the  reduced  U(IV)  species 
is  taking  place  before  the  anodic  potential  is  reached.  Ir  a  more  concentrated 
solution  (0.04  M)  strong  hysteresis  {Fig.  10)  was  observed  and  the  cathodic 
peak  occured  at  -0.55V.  This  system  is  being  further  investigated. 


3  Modification  of  Chloroaluminate  Melts: 


Arisirg  from  the  preivious  work  that  a  proton  (H  1  may  coexist  in 
chloroaluminate  melts,  the  author  has  conducted  preliminary  experiments  to 
increase  the  conductivity  of  these  melts  by  treating  the  melts  with  dry  HCI 
gas.  Fig.  11  shows  the  measured  specific  conductivities  of  a  0.36  melt  at  27°, 
-23°  and  -64°  C.  Treatment  of  this  melt  with  dry  HCI  gas  noticeably  increased 


(3-fold)  the  conducLvity  of  the  melt  both  at  27°  and  -23°  C.  The  conductivity 
of  the  HCl-treated  melt  at  -23°  (melt  remains  fluid,  although  slightly  more 
viscous)  is  comparable  to  that  of  the  untreated  melt  at  27°  C.  The  very  low 
conductivity  of  the  melt  and  the  HCl-treated  melt  at  -64°  is  due  to  the  glassy 
transition  of  the  melt  at  this  temperature  with  significant  increase  in  internal 
resistivity. 

To  gain  further  insight  and  have  some  idea  of  the  nature  of  the  species 
present  in  the  HCl-treated  melt,  we  have  examined  the  HCf-treated  melt  hy 
H-nuc!ear  magnetic  resonance  (NMR)  spectroscopy.  The  presence  of  a  highly 
acidic  proton  at  0.6  ppm  downfield  from  2H  of  the  imidazolium  ring  (2H  is 
the  most  acidic  proton  in  MEIC)  is  detected  (Fig.  12).  A  semi-quantitative 
analysis  of  the  intensities  revealed  the  composition  to  be  1:1  MEICrHCl.  This 
composition  did  not  seem  to  alter  over  a  period  of  at  least  two  weeks  at  room 
temperature.  Further  investigation  an  the  composition,  conductivities  and 
electrochemical  properties  of  the  HCl-treated  melt  is  under  progress. 
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Ultraviolet  absorption  spectrum  of  aqueous  1 -methyl-3-ethylimidazo- 
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Ultraviolet  absorption  spectra  of  (a)  sata.  UiAlCU  in  acetonitrile, 
b)  hydrolyzed  solution  of  (a),  and  (c:  A1U11)  aquo  ion  of  pH  0-9. 
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Vacation  of  electrical  conductivity  of  a  0.34  MEIC-^iCh  me’f  and 

the  same  melt  after  treatment  with  HClfg,  as  a  function  of  temoerc 
fure. 

12.  H-NMR  spectrum  of  the  HCl-treated  melt  showing  the  oresence  of 
an  acidic  proton  at  —0.4  ppm  upfieid  of  2-oroton  in  vtEiC  imeit'. 
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ABSTRACT 

2-  2- 

The  dissociation  of  several  oxyanlons:  WO4  t  SiOj  , 

TaOj,  and  Tio])  in  molten  FLINAK  has  been  studied 

potentiometrically  with  a  stabilized  zirconla  electrode. 

The  Interaction  of  these  melt3  with  02-  has  similarly  been 

studied.  All  of  these  ions  appear  to  be  stable  in  FLINAK, 

but  SiOj  and  Ta03  take  up  02“  to  form  higher  oxides, 

4-  3- 

probably  3IO4  and  Ta04  ,  respectively.  A  method  for 
determining  the  equilibrium  constant  of  these  reactions  is 
presented. 

The  behavior  of  the  Pt  electrode  in  these  melts  is 
quite  complex.  Its  potential  varies  with  ln[o2‘j,  the 
slope  being  RT/F  or  larger. 

INTRODUCTION 

The  process  whereby  refractory  metals  can  be 

e] ectroplated  from  molten  fluorides,  invented  by  Senderoff 

and  Mellors  (1)  in  the  1960's,  is  well  known.  More 

recently  we  have  tried  to  combine  this  process  with 

carbonate  reduction  to  electroplate  refractory  carbides. 

Tantalum  carbide  was  electroplated  by  this  procedure  (2) 

from  molten  FLINAK  at  750°C  but  the  coatings  tended  to 

consist  of  mixtures  of  TaC,  Ta2C,  and  Ta.  On  the  other 

hand,  excellent  adherent  coatings  of  W2C  were  obtained  by 

2-  2- 

the  simultaneous  reduction  of  WO4  and  CO3  (3). 
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In  the  course  of  reinvestigating  the  tantalum  carbide 
problem  ind  attempting  to  extend  the  general  procedure  to 
the  plating  of  other  carbides,  we  noticed  gas  evolution 
from  FLINAK  melts  containing  either  K2TaF7  or  K2CO3  to 
which  the  other  reagent  had  been  added  (4).  Mass- 
spectrometrlc  identification  of  the  gas  as  CO2  showed  that 
the  reaction  was  of  the  acid-base  type: 

K2TaF7  +  3K2CO3  =  KTa03  +  7KF  +  3C02 

The  carbide  can  then  be  plated  only  if  this  reaction  does 
not  go  to  completion,  or  if  TaOj  can  be  reduced.  Since 
similar  results  were  obtained  with  K23iF&  and  K2TiF|t,  viz: 

K23iF6  +  3K2C03  =  K2  3 10  3  +  6KF  +  jC02 

K2TIF6  +  3K2CC>3  =  K2Ti03  +  6KF  +  3C02 

we  have  begun  on  electrochemical  study  of  oxyanion 

reduction  in  molten  FLINAK  to  see  if  Taoj,  SlOj~  can 
2  - 

be  reduced  as  WO4  can  be. 

As  a  preliminary  step  we  have  investigated  possible 
oxide  equilibria  involving  these  ions,  using  a  stabilized 
zirconia  (3Z)  electrode  as  a  specific  0^"  electrode.  In 
addition,  we  have  studied  the  behavior  of  the  platinum 
electrode  in  these  melts,  since  it  would  be  useful  as  a 
quasi-reference  electrode  if  its  potential  were  in¬ 
dependent  of  melt  composition. 

EXPERIMENTAL  PART 

All  experiments  were  carried  out  in  a  glcvebox  with 
recirculating  helium  atmosphere  in  which  02  and  H20  were 
generally  below  t  ppm.  A  Teledyne  (Model  311)  trace 


oxygsn  analyzer  was  used  to  measure  the  oxygen  pressure  in 
the  glove  box.  All  melts  were  contained  in  nickel  ZOO 
crucibles,  a  93%  nickel  alloy. 

Reagents.  The  alkali  metal  fluorides  were  vacuum-dr .ed 
individually  at  500°.  The  FLINAK  mixture  was  then  melted 
under  vacuum  before  use.  Reagent  grade  Na20  (Alfa),  Kric>3 
(Atomergic),  KjSlO]  ( Puratronic  )  ,  and  KTaC>3  ( Puratronlc  )  , 
were  used  without  purification.  NajWC^  was  prepared  by 
dehydration  of  the  dihydrate  (Fisher  Scientific). 

Electrodes.  NilNi(II)  reference  electrode  consisting  of 
NiF2(sat)  in  FLINAK,  contained  in  a  boron  nitride 
envelope,  as  described  by  Jenkins,  Mamantov,  and  Manning 
(5)  was  used.  By  increasing  the  BN  wall  thickness 
slightly  over  that  r.si  by  these  authors,  the  electrodes 
could  be  used  for  several  runs,  and  they  were  easily 
replaced.  An  Intercomparison  of  several  showed  that  they 
differed  by  <  IQmV  from  each  other  and  from  a  mote 
elaborate  reference  electrode  which  utilizes  a  LaF3 
crystal  to  make  contact  with  the  melt  (6>. 

A  Corning  1.172  0%  yttria-stabllized  zirconia  tube 
was  loaded  with  a  Nl-HiO  mixture.  A  nickel  wire  was 
pushed  into  this  mixture  which  was  covered  with  powdered 
soft  glass  which,  on  softening,  covered  the  Nl-NiO  mixture 
to  exclude  air. 

A  coiled  platinum  wire  served  as  secondary  indicator. 

All  electrodes  were  suspended  in  the  melt  through 
holes  in  a  lava  block  over  the  top  of  the  crucible. 


RESULTS 


Oxide  Melts 


Before  proceeding  with  the  various  oxyanlon  studies, 
the  behavior  of  SZ  and  Pt  electrodes  In  FLINAK  melts,  to 
which  Na20  had  been  added,  was  studied.  The  SZ  electrode 
is  now  well  established  a3  an  O2-  ion  specific  electrode 
in  various  molten  salts  (7).  in  molten  FLINAK,  as  in  the 
other  salts,  the  potential-determining  electrode  reaction 
is  1/202  +  2e  =  02“  (0).  Thus,  at  constant  p0 the  slope 
of  an  E  vs  In  a02-plot  has  a  slope  of  RT/2F.  In  the 
present  study  p02  is  fixed  by  the  equilibrium  Ni  +  1/2  O2 
=  Nio.  In  dilute  solutions  activity  coefficients  are 
constant  and  the  dependence  of  E  on  concentration  (mole 
fraction  in  this  paper)  should  be  RT/2F  also. 

A  complicating  factor  is  the  possible  transformation 
of  the  added  oxide  (O2')  to  other  oxide  species  such  as 
O2 ~  (peroxide)  and  O2  (supcroside)  .  in  NaCl  (Si)  and 
Na  .SO  4  (  l")  reactions  such  as  <>*■’ "  +  1/2  0.,  =  0“”  are  known 
to  occur  at  temperatures  used  in  this  study,  although  01 
is  almost  certainly  negligible.  At  the  extremely  low 
0,  pressures  in  t  ii  i  s  work,  the  equilibrium 
constants  arc  such  that  verv  little  ( s  I/O  )  is 
transformed  to  0-“  . 


Pt  is  "inert"  in  molten  fluorides  and  therefore 

constitutes  an  attractive  and  easy-to-use  quasi-reference 

electrode.  However,  the  potential -determining  reactlon(s) 

on  the  Pt  surface  are  not  known.  In  a  previous  study  (0) 
2  - 

of  CO3  in  FLINAK  using  a  Pt  reference,  we  noticed  that 
the  cathodic  limit  of  the  melt  became  less  negative  with 
added  K2CO3  concentration  (at  500°C)  and  surmised  that 


this  was  due  to  Increased  O2'  resulting  from  the  thermal 
2  - 

dissociation  of  CO3  .  A  plot  of  the  cathodic  limit  vs 
2- 

ln  (CO3  ]  is  linear  with  a  slope  of  RT/F.  A  plot  of  E 
vs  log  X02-  at  500°  is  also  linear  with  a  slope  of  2.3RT/F 
at  lower  concentrations  (<  10-3)  but  with  a  tendency 
toward  increasing  slope  at  higher  concentrations  (Fig.  1). 
A  repetition  of  this  experiment  at  750°  using  both  SZ 
(Fig.  2)  and  Pt  Indicator  (Fig.  3)  electrodes  vs.  a 
N1/N1F2  reference,  showed  an  RT/2F  dependence  for  the 
former  and  -RT/F  dependence  for  the  latter  at  lower 
concentrations,  and  larger  slopes  at  higher  concen¬ 
trations.  At  the  conclusion  of  this  experiment  it  was 
noted  that  bright  orange  vapor  emanated  from  all  the 
electrodes  when  they  were  lifted  out  of  the  melt  and  that 
all  relatively  cool  surfaces,  e.g.  the  lava  block,  reacted 
with  water  to  produce  copious  amounts  of  gas,  and  the 
resulting  solution  was  highly  alkaline.  All  of  these 
observations  are  consistent  with  the  formation  of  alkali 
metal.  In  this  experiment  02  was  virtually  absent  (p02  <  1 
ppm)  and  therefore  it  is  likely  that  added  oxide  undergoes 
an  auto-oxldatlon-reductlont 

2  M20  =  M202  +  2M°  [1) 

When  M  =  Na  the  equilibrium  constant  of  this  reaction  (11) 
is : 


K  =  1.34 


aNa yOj 
aNa20 


?Na 


12) 


Results  are  similar  for  Li  and  K.  Unfortunately  we  do  not 

2- 

have  an  independent  measurement  of  O2  and  so  Pmo  cannot 
be  calculated,  but  the  rather  large  value  of  K  suggests 
that  reaction  [1]  is  not  insignificant.  We  conclude  that 
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at  7 SO ^  the  SZ  electrode  Is  reversible  to  o2~  at  least  at 
lower  concentrations.  However,  the  behavior  of  the  Pt 
electrode  Is  more  complex.  The  rt/F  slope  at  lower 
concentration  requires  a  one-electrode  process.  In  terms 
of  reaction  [1)  the  equilibrium 

202-  +  2e  =  02 

requires  two  electrons  unless  the  peroxide  ion  functions 
as  O',  whatever  the  potential -determining  equilibrium  on 
Pt  is,  the  shape  of  the  E  vs  In  X02-  plot  clearly 
increases  with  concentration  above  0.1  noH  at  very  low 
oxygen  pressures  to  values  which  have  no  clear  meaning  in 
terms  of  simple  reversible  oxidation-reduction  reactions. 
This  behavior  also  occurs  when  Na2o  is  added  to  a  FLINAK 
melt  already  containing  various  oxyanion  species  (see 
below),  similar  conclusions  about  the  complexity  of  the  Pt 
electrode  behavior  were  also  expressed  by  Brookes  and 
Inman  (7c).  It  is  thus  clear  that  Pt  can  not  be  used  as  a 
reference  in  molten  salts  unless  it  can  be  shown  that  it 
remains  constant  with  respect  to  a  thermodynamically 
reversible  reference  in  a  particular  system. 

Oxyanion  Melts 

Before  discussing  the  individual  oxyanion  systems, 
the  rationale  underlying  this  study  is  outlined.  From  the 
preceding  section  it  is  clear  the  emf  of  the  cell 

Pt  or  | 

Ni|  NiO|  5 Z  |  FLINAK  Melt  |  BN  |NiF2(sat)  I  N1  [Aj 


becomes  more  negative  (l.e.  the  32  indicatoi  electrode 
becomes  more  negative)  with  increasing  O2'.  This  is  also 
true  if  Pt  is  used  as  indicator,  although  the  functional 
dependence  of  E  on  log  Xq2-  then  becomes  more  complex. 

We  can  then  distinguish  the  following  possibilities, 
keeping  in  mind  that  the  u2‘  concentration  in  a  "clean" 
melt  is  -  10' 2  mol%. 

A.  Addition  of  oxyanlon  to  "clean"  melt 

Implies 

AE  =  0  a.  materia)  is 

lnso) uble 
or 

b.  material  does 
not  react  with 
02'. 

AE  <  0  anion  dissociates 

to  yield  02~ 

AE  >  v  anion  reacts  with 

impurity  02‘ 

B.  Addition  of  O2'  to  melt  containing  oxyanlon  -  32 
elect  rode 

AE  <  0,  slope  =  RT/2F  no  reaction  of  02~ 

with  oxyanlon 

AE  <  0,  slope  <RT/2F  O2 “  reacts  with 

oxyanlon 

Results  with  the  individual  systems  are  now  described. 
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(1)  Na2WC>4 

This  compound  is  known  to  be  quite  soluble  in  FLINAK 
(3).  Higher  tungstates,  such  as  Na4WO^  (Na2WC>4/Na20  =  1), 
are  also  well  known  in  the  solid  state,  but  have  not  been 
studied  in  molten  salts. 

Figure  4  shows  the  effect  of  adding  Na2wc>4  and  Na2o 
on  the  emf  of  cell  A.  The  emf  becomes  only  slightly  less 
negative  on  adding  Na2WC>4,  while  the  subsequent  addition 
of  Na20  yields  a  slope  of  RT/2F.  Both  of  these  results 
indicate  that  the  equilibrium 

2-  ,  4- 

W04  +  02~  =  WO5 

2- 

lies  far  to  the  left,  i.e.  WO4  is  quite  stable  in 
FLINAK.  when  a  Pt  electrode  is  substituted  for  the  SZ 
Indicator  electrode,  the  results  on  addition  of  Na2o 
results  in  a  slope  several  times  RT/F. 

(2)  KTa03 

The  addition  of  KTa03  to  FLINAK  changes  the  emf  of 
cell  A  in  the  direction  indicating  lower  oxide,  with  a 
slope  <  RT/2F  (Fig.  5).  This  is  consistent  with  the 
formation  of  Tac>4  : 

Ta03  +  02~  =  Tao! 

but  at  a  rate  indicating  only  partial  conversion.  Above 
0.075  mol%  Tao3  the  emf  becomes  independent  of  added 
tantalate.  The  most  likely  explanation  is  that  this 
represents  the  solubility.  When  oxide  is  added  to  the 
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melt  containing  both  dissolved  and  undissolved  tantalate, 
the  slope  is  less  than  RT/2F,  indicating  some  uptake  of 
02~  by  the  tantalate  in  suspension  and/or  solution. 


(3)  K2Si03 

Visual  observation  showed  that  K2SiC>3  is  quite 

soluble  in  FLINAK.  Figure  6  shows  that  the  emf  of  cell  A 

becomes  more  positive  with  the  addition  of  this  compound, 

with  both  SZ  and  Pt  indicator  electrodes,  consistent  with 

a  decrease  of  02~  with  addition  of  SiC>3~.  Below  0.1 

moll  this  decrease  occurs  with  a  slope  of  <  RT/2F, 

2-  4  - 

indicating  a  partial  conversion  of  SiC>3  to  SiO,}  ,  but 
above  0.1  moll  the  slope  is  1.8  RT/F  which  indicates  that 
more  than  one  mole  O2'  is  removed  for  every  mole  SiO}". 
However,  no  silicate  fitting  such  a  requirement  is  known, 
at  least  in  the  solid  state.  Thus  the  most  likely 
reaction  is: 


Si03_ 


02‘  =  Si04  . 


!3] 


Interestingly,  both  SZ  and  Pt  electrodes  show  similar 
dependence  in  this  part  of  the  experiment,  when  Na20  is 
added  to  the  silicate-containing  melt,  however,  the  slopes 
are  quite  different:  RT/2F  for  the  SZ  electrode,  1.77RT/F 
for  Pt.  Even  the  first  result  is  unexpected,  unless 
whatever  silicate  is  in  the  melt  prior  to  oxide  addition 
is  the  highest  oxide-containing  silicate. 
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The  results  for  this  compound  resemble  those  for 
Na-.W04  ,  i.e.  addition  of  KTIO3  produces  no  change  in  emf . 
However,  whereas  Na^wo^  is  so  soluble  that  it  can  easily 
be  observed  to  dissolve,  KTIO3  seems,  by  visual  ex¬ 
amination,  to  be  insoluble.  The  subsequent,  addition  of 
oxide  produces  a  slope  somewhat  larger  than  RT /IF. 


DISCUSSION 


The  results  presented  in  this  paper  constitute  an 
exploration  of  how  potent iometi 1 c  measur ements  might  be 
used  to  determine  oxide  equilibria  involving  various 
oxyanlons  In  molten  salts.  Oxide- i on-speci f ic  stabilized 
zirconia  electrode?  have  been  used  to  solve  a  wide  variety 
of  problems  of  which  those  desci ibed  in  references  7-9 
constitute  only  a  portion. 

For  example,  the  equi 1 1  hr i urn  constant  for  a  reaction 
of  the  type 


Av~  +  02‘  -  A< v_2 •’*  [ 4  ) 

where  Av“  1  epr esen t s  an  oxyanlnn  and  a(v"^~  represents  an 
oxyanion  with  one  more  0?~ ,  can  be  determined  by  the 
titration  of  Av~  in  the  melt  with  o2~.  If  0^*  does  not 
react  with  Av~  then 


Eth  =  F.°  -  RT/  2  F  In  {  0 2  -  j  a  15  I 


where  [0^“]a  represents  added  0*'~. 


In  qeneral 

RT 

E  =  E°  -  n  -  In  1  O2'  ]  |  t  j 

2F 


where  n  measures  the  fraction  of  the  expected  RT/2F  slope. 
Substractlng  [5]  from  ( t j  yields 


E  -  Eth  l02~ )a 

exp  -  --  -  -  - -  1  i  j 

(RT/2F)  ( 0^ - J  n 

Since  all  quantities  except  [o2~)  are  known,  the  latter 
can  be  calculated.  The  equilibrium  constant  for  reaction 
[3]  can  be  written  as: 


l_A^-J  [02-] 
"  l  a"<  v-27-  ] 


AlSO  [ Av_  2 “ ]  +  [Av-|  =  [ Av ~ j  a 
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where  [Av  ja  represents  the  orlainally  added  concentration. 
Also 


(A<v-2)-]  -  (02-]a  -  [o2*j 

(Ay-)  =  lAy-]a  - ( i 0 2 “  )  a  -  [02-]) 

Substituting  [ 9  J  and  |10J  into  [0]  yields 

l Av- ) a-( t  °2_  3  a-  l02-j)ic2-] 

K  ~  (o2'ia-  ! °2'  1 


i  'i  I 


l  10  j 


From  each  emf  a  value  of  K  can  be  determined,  and 
therefore  the  method  lends  itself  to  a  statistical 
treatment . 

The  data  obtained  in  this  work  are  only  semi- 
quantitative  and  therefore  do  not  justify  such  elaborate 
treatment . 


SUMMARY 


1.  The  measurement  of  oxide  activity  on  successive 
addition  of  oxyanlons  and  oxide  can  be  used  to  gain 
information  on  the  dissociation  of  the  oxyanlon  and/or 
its  reaction  with  oxide. 

2.  Wo| ”  is  a  stable  ion  in  FLINAK.  It  does  not 
dissociate  nor  does  it  take  up  02~  to  form  tungstates 
such  as  WO5'. 

3.  K2SIO3  is  quite  soluble  in  FLINAK.  SiOj  appears  to 

,  4- 

react  with  0Z~  to  form  3104  . 

4.  The  solubility  of  KTaOj  in  FLINAK  is  ~  0.075  moll. 

,  3- 

TaOj  appears  to  react  with  o£~  to  form  Ta04  . 

5.  The  solubility  of  KTiOj  is  too  low  to  measure. 

6.  The  potential  of  the  Pt  electrode  in  FLINAK  varies  as 
RT/F  with  ln[02]  up  to  0.1  moll  and  2-3  times  RT/F 
above  that  concentration. 
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Figure  5  Emf  of  cell  A  750° C.  S Z  indicator  electrode. 
•  KTa03.  o  NajO 
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ABSTRACT 

Among  redox  pairs  in  borate  and  silicate  melts, 
Pb2+/Pb®  is  important;  the  reduced  species  are 
metallic  and  reactive  with  the  Pt  in  the  solid  in 
linear  sweep  voltammetry.  Since  Pb  metal  is 

soluble  in  solid  Pt ,  and  any  excess  deposit  of  Pb 
over  the  solid  solubility  limit  yields  a  liquid 
alloy  on  the  electrode,  the  current-potential 
curve  bends  at  that  point.  A  computer  simulation 
of  the  process  confirmed  this  interpretation.  The 
application  of  this  technique  seems  quite  valuable 
to  compare  the  basicity  of  various  melts.  The 
effect  of  alumina  on  the  basicity  of  sodium 
silicate  melts  is  discussed  . 

INTRODUCTION 

Linear  sweep  voltammetry  has  been  applied  to  oxide  melts 
for  redox  equilibrium  measurements  (1-4).  The  usefulness 
of  this  technique  in  spite  of  difficulties  due  to  high 
operating  temperature  lies  evidently  in  this  direct 
measurement  compared  witn  chemical  analyses  of  reduced  and 
oxidized  species  in  quenched  melts.  Thus,  Ce4+/Ce3+  and 
Fe3+/Fe2+  equilibria  in  sodium  borate  melts  were  measured 
as  functions  of  solvent  basicity  and  temperature  (3,4).  In 
the  course  we  met  with  the  problem  when  the  couple 
Pb2+/Pb0  was  to  be  measured.  The  current -poten t ia 1  curve 
showed  an  abrupt  bending  and  a  large  anodic  peak  which  was 
characteristic  of  a  system  of  the  reduced  species  adsorbing 
on  the  electrode.  In  this  report,  the  e1 ectrode  process  is 
discussed  and  the  application  to  sodium  aluminosilicate 
melts  is  described. 

EXPERIMENTAL 

Linear  sweep  voltammetry .  The  working  electrode  is  a 
platinum  wire  of  0.4  mm  diameter  whose  end  has  been  coiled 
in  order  to  provide  a  large  surface  area.  This  electrode 
is  assumed  to  be  reversible  with  respect  to  the  reaction 

Pb2+  +  2e  =  Pb  (1  ) 

The  current  due  to  the  unavoidable  reaction 

1  / 202  +  2e  =  02 -  (  2  ) 
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surface.  The  conrcntr-it  ion  of  each  part  is  c-ilru 
each  t  i ’lie  increment  of  1*10~5  soo.  An  example 
simulated  current  -potent  ial  curve  is  show:;  in  fh" 
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Fig.  2  shows  that  at  the  bending  point  the  Pb- ■  * 

concent  rat  ion  is  not.  rau.  h  level-  then  the  original  levs 

(the  straight  line)  and  the  Pb  .a »  •  >n :  in  t  i--  li  pi  i  1  alloy 
is  approximated  try  that  in  soli  i-liqu'i  i  ecu'  1  !  or  i  im  of 
Pt-Pb  system  at  the  expo*-  intent  al  temperature.  Tn>-  activity 
of  lend  in  this  system  lias  been  measured  'ey  S. :  r.!t:«.  ■.  i 

(5).  Therefore,  at  the  potential  of  t ii».  bend  ini  point  , 

Ec]Pp,  the  following  reaction  is  in  cm  ;  I  i  hri  im, 

:  Pb2  +  +  02 ”  =  Pb( liquid  alloy)  +  1/2  n,  (?) 

~2EdepF  =  AG 0  (  3  )  +  KTlnf  aPbr021 /2/ ip|,7+aog.  )  (4) 

where  AG 0  (  3  )  is  the  standard  free  energy  eh  ah"-  or  react  i  mi 
(3).  One  must  note  that  the  .-.tan  lari  s 1  i  r  ■  •  the  left 

hand  side  is  not  pur e  PbO,  si  nce  O'-  -  .ver--  i  s  •  h‘-  component 
of  the  solvent. 

If  the  activity  of  Pb2+  is  a  f  md  i  <-«rs  o'  on 1  y  t  h" 
basicity  of  the  solvent  irrespective  of  the  solvent 
component  and  if  the  basicity  is  properly  express.'  1  by  the 
activity  of  Na20,  E(p-,n  wil  l  tie  a  !  and  ion  of  the  lat'.-r. 
Fig.  3  shows  an  example  of  flu-  potent i a  1  in  silicate  and 
aluminosilicate  melts,  where  alumina  content  range:  :>  to  1  5 
mole  %.  The  activity  of  NajO  in  these  melts  has  been 
measured  previously  (6,7).  Fig.  3  shows  the  above 
prediction  is  fulfilled.  The  exp-- r i  nen*  i  1  renal's 
including  those  of  other  redox  pairs  will  be  discussed  m 
more  detail. 
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AN  INVESTIGATION  OF  THE  DISSOLUTION  OF  NEODYMIUM 
IN  MOLTEN  NEODYMIUM  TRICHLORIDE 


Q.  T.  Lu,  S.  X.  Li.  R.  L.  Yu.  S.  G.  Chen 
Department  of  Metallurgical  Engineering 
Shanghai  University  of  Technology,  Shanghai,  China 


ABSTRACT 

In  the  temperature  range  780-950  C,  the  relationship  between  tem¬ 
perature  and  EMF  is  reported  for  the  concentration  cell: 

Nd(s)|NdCl3  NdCl(1  n)sat.  MSljNdCl,  xNdCI,,  n)MSiMo 

where  MS  refers  to  a  molten  salt.  Also  given  are  (1)  the  solubility  of 
Nd  in  molten  NdCl.t,  (2)  the  temperature  dependence  of  the  solubility 
of  Nd,  anti  (3)  the  equilibrium  constant  K.  as  well  as  AG  of  the 
reaction: 

N'd(s)  .  2Nd('lt(f)  3NdCI2(f) 


INTRODUCTION 

In  recent  years,  the  methods  for  producing  Nd  and  its  alloys  have  received 
special  attention  because  neodymium  is  the  material  for  making  a  new  permanent 
magnet  Nd-Fe-B  (1).  The  molten  salt  electrolysis  of  chloride,  or  oxide,  is  one  of 
the  main  methods  for  producing  rare  earth  (RE)  metals.  However,  the  current 
efficiency  of  electrolysis  is  usually  as  low  as  20-50<’<>  due  to  the  high  solubilities  of 
RE  metals  in  their  own  halides.  The  interaction  between  La  or  Ce,  with  its  own 
chloride,  has  been  studied  (2-4);  however,  the  dissolution  of  Nd  in  its  molten  chlo¬ 
ride  has  seldom  been  investigated.  The  aim  of  the  present  paper  is  to  investigate 
the  reaction  of  Nd  with  NdClj  by  an  electrochemical  method. 

EXPERIMENTAL 

In  order  to  investigate  the  mechanism  of  the  dissolution  of  metals,  the  fol¬ 
lowing  cell  has  been  designed 

Nd(s)|NdCl3  NdClj,  n)sat.  MS||NdCl3  xNdCl( ,  n|MSJMo 
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where  a  molybdenum  rod  is  used  as  conductor  and  stirrer  for  the  molten  salt  (MS). 
A  schematic  of  the  cell  is  given  in  Fig.  1.  The  naif-cell  consists  of  a  Nd  electrode 
and  neodymium  trichloride  molten  salt  saturated  with  Nd;  it  is  an  equilibrium 
system  of  Nd  metal  with  NdOi3-NdOI2  melt.  The  right  half-cell  is  composed  of  a 
Mo  electrode  and  NdCb  molten  salt  in  which  the  dissolved  amount  of  Nd  changes 
from  zero  to  saturation  and  the  Mo  rod  is  used  as  the  indicating  electrode  for 
measuring  the  redox  potential  $Nd5+/Nd2-'  where 


'Nd^  Nd 


-  4> 


Nds»  Nd2' 


RT  jNd3-; 

*  nF  "  (Nd^  I 


From  the  value  of  n,  the  dissolution  mechanism  of  Nd  (2-3)  may  be  determined. 
In  agreement  with  the  reaction  of  the  concentration  cell: 


Nd!? 


n)  t 


(left) 


Nd 


(right) 


Nd3*  +■  Nd*3  1 

rStl{lefl)  ^  1Na(righl) 


(2) 


and  equation  (1),  the  EMF  equation  of  the  concentration  cell  can  be  expressed 
as: 


RT,  »Nd?;  RT 
.  in 


“Nd* 


P  „  1" 
nF  aNdhT  nF  aNdJ,;h, 

By  knowing  the  values  of  R,  F,  n  and  substituting  the  concentration  of  Nd  for 
activity,  we  obtain: 


|NdH  iNdM  . 

E  -  1.984x10  *T  +  1.984x10  *T  log  (3) 

INd24  |eq  !Nd2+|right 

When  the  dissolved  amount  of  Nd  in  the  right  half-cell  increases  from  zero  to  sat¬ 
uration,  measuring  E  -  f(T)  will  yield  by  regression  analysis  a  series  of  equations: 

E  a  +  bT  (4) 


for  various  amounts  of  dissolved  Nd.  From  equations  (3)  and  (4),  the  following 
equation: 


[Nd31eq  [Nd'U^  10*b  10!a 

[Nd24  jeq  (Nd2 2  irighi  1-984  1.984T 


(5) 


can  be  obtained.  The  value  for  f(T)  ~  log 


|Nd5 

fN<P 


was  determined  using  the 


coefficients  a  and  b  defined  in  equation  (4).  From  equation  (5).  the  solubility  of 
Nd  in  NdCl3  can  be  calculated  using  various  temperatures. 
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RESULTS  AND  DISCUSSION 

In  the  temperature  range  780-950°C,  the  temperature  dependence  of  the 
EMF’s  was  determined  for  different  neodymium  compositions,  i.e.,  with  neodymium 
additions,  by  mole  percent  (m%)  of  Nd,  of  2.98,  7.13,  12.4,  16.7,  21.3,  28.4,  31.2, 
and  33  m%.  The  E  =  f(T)  relationships  are  shown  in  Fig.  2.  It  is  obvious  that 
the  experimental  points  of  the  same  Nd  addition  all  fall  on  a  straight  line.  By 
mathematical  treatment,  we  have  derived  the  following  relations: 

1.  NdCl2  91(2.98  m%  Nd)  Ei  =  -0.123  +  9.03  x  10~4T 

2.  NdCl2.79j7.i3  m%  Nd)  E2  =  -0.119  +  8.02  x  10~4T 

3.  NdCl2  63(12.4  m%  Nd)  E3  =  -0.116  +  7.03  x  10~4T 

4.  NdCl2  50(16.7  m%  Nd)  E<  -  -0.627  +  9.60  x  10~4T 

5.  NdCl2.36(21.3  m%  Nd)  Es  =  -0.123  +  3.32  x  10~4T 

6.  NdCl2.is(28.4  m%  Nd)  E6  =  -0.149  +  3.50  x  10  4T 

7.  NdCl2.o6(31.2  m%  Nd)  E7  =  -0.123  H  3.13  x  10~4T 

8.  NdCla.03(33  m%  Nd)  E8  =  -0.211  +  3.00  x  10  4T 

The  isotherms  at  temperatures  of  800,  850,  and  900° C  were  consequently  calcu¬ 
lated  and  are  shown  in  Fig.  3.  From  Fig.  3,  it  can  be  seen  that,  except  for  the 
compositions  ranging  from  NdCl2.5o  to  NdCl2.is,  in  which  the  electronic  conduc¬ 
tivity  increases  (2-3),  the  remaining  experimental  points  for  various  concentrations 
lie  on  the  relevant  isotherms. 


By  mathematical  treatment  of  the  relative  data  of  E  =  f 

following  equations  of  the  EMF  isotherms  were  obtained: 

the 

,  [Nd3+] 

Esoo°c  ~  0,563  +  0.29  log  jj^2+j 

(6) 

(Nd3+1 

E8S0°C  0.595  +  0.309  log 

(7) 

|Nd3+l 

E900°c  0.627  +  0.322  log  j^J+j 

(8) 

The  coefficients  in  front  of  the  logarithmic  term  of  the  above  equations  indicate 
that  n  ss  1.  It  is  obvious  that  the  dissolution  mechanism  for  Nd  in  NdC^  molten 
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salt  is  in  agreement  with  the  following  reaction: 


2NdCl3(f)  f  Nd(s)  -  3N<tCl2(f) 


(9) 


and  that  NdCl3-NdC!2  is  a  normal  solution,  i.e.,  r^j3  +  /rjj^  t  -  const.  Therefore, 
we  can  substitute  concentration  for  activity,  putting  the  coefficients  (a  and  b)  of 
equation  E  -  f(X) ,  as  well  as  the  corresponding  composition  of  molten  salt,  in 
equation  (5);  the  following  equation  was  thus  derived: 


log 


[Nd5*  I 

l  I  eq 


-2.75 


620 

T 


(10) 


In  the  temperature  interval,  780-950uC,  the  solubility  of  Nd  in  NdOlj  molten  salt 
is  roughly  32.9  m°e  Nd,  in  agreement  with  chemical  analysis  results  of  31.7  m°f 
Nd.  This  value  also  agrees  with  the  31-33  m%  Nd  based  on  the  phase  diagram  of 
Nd-NdCla  (5). 

Using  equation  (10),  the  temperature  dependence  of  the  equilibrium  constant 
and  of  the  Gibbs  energy  of  the  dissolution  reaction  was  derived: 

log  K  5.52  -  (11) 


AG"r  24172.4  -  105.6T  J,  mol  (12) 

According  to  these  results,  it  is  obvious  that: 

(1)  In  the  temperature  range,  850-900°C,  the  equilibrium  constant  of  the  in¬ 
teraction  between  Nd  and  NdCl3  varies  from  2.2  ■  104  to  2.44  ■  104;  the 
enthalpy  and  entropy  of  reaction  have  positive  values,  which  indicate  that 
the  reaction  is  endothermic.  Therefore,  high  temperature  would  further  pro¬ 
mote  the  interaction  between  Nd  and  NdCI3,  and  low  temperature  would 
decrease  the  solubility  of  Nd  in  NdCl3. 

(2)  According  to  references  (4,6),  in  the  temperature  range,  805-1000  (\  the 
solubility  of  the  other  rare  earth  metals  is  in  m%  units: 

La,  12-17;  Ce,  9;  Pr,  22-26;  Sm,  33.3. 

It  is  clear  that  the  solubility  of  Nd  is  close  to  that  of  Sm.  Thus,  in  the  molten 
salt  electrolysis  of  Nd,  the  dissolution  loss  of  Nd  is  inevitable. 


CONCLUSION 

1.  In  the  temperature  range,  780-95()nG,  the  thermodynamics  of  Nd  in  solution 
in  NdCl3  were  derived  and  can  be  summarized  by 


log 


jNd3t] 
|Nd2 1 ) 


2.75  t- 


620 

T 
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and 


log  K  -  2.52  - 


1264.1 

T 


AGij.  -  24172.4  105. 6T  J/mol 


2.  The  dissolution  mechanism  of  Nd  in  NdOl3  consists  of  chemical  interaction  of 
Nd  with  NdCfo.  The  solubility  of  Nd  in  Nd013  is  roughly  32.9  m%  Nd  in  the 
temperature  interval,  780-950°C. 
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Fig.  1  Schematic  Drawing  of  the  Concentration  Cell  for  Measuring  EMF. 

1.  DWK-702  temperature  controller. 

2. ,3.  PZ-8  direct  current  digital  voltmeter  for  measuring  temperature  and  EMF 
of  the  cell. 

4.  Pt-Pt.Rh  thermocouple. 

5.  Molybdenum  electrode  and  stirrer. 

6.  Mo  conductor  for  connecting  Nd  metal  melt. 

7. ,12.  Porcelain  test  tubes,  the  latter  contains  NdCl3. 

8.  Joint  bast. 

9.  Inlet  for  argon  and  vacuum. 

10.  Rubber  cover. 

11.  Carbon  screen. 

13.  Porcelain  crucible  (left  half-cell). 

14.  Stainless  steel  crucible. 

15.  Resistance-type  furnace. 
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THE  ACTIVITY  OF  LANlflAKA  IN 
NaF-A  1  l'-j-A  1  203-L.a  ->(>3  MEETS 

I. iu  Xuliang;  Shen  Shiying 

Northeast  University  of  Fechnologv, 
Shenyang,  Liaoning,  I’.K.  of  China 


AH.STHACT 

The  concentration  cell  was  assembled  by  using 
MgO-s tabi 1 i zed  /rOg  soild  electrolyte.  The  high 
precise  regression  equation  of  lanthana  activity 
(a)  was  obtained  according  to  results  of  the 
electromotive  force  of  cell. 

The  paper  also  discussed  Die  influence  of 
several  factors  on  the  activity  of  lanthana. 


I.  I NTIcObUCT  1  ON 

Al-KK  alloys  are  widely  used  in  several  <1  reas  because  of 
their  high  strength  and  good  properties.  It  is  remark¬ 
able  that  the  Al-liE  alloys  of  lower  and  higher  contents  and 
the  Al-Mg-Si-KF'  alloy  of  the  high  strength  were  produced 
in  aluminum  cells  by  rare  earch  oxide  addition  jointly 
by  Northeast  University  of  Technology  and  several  aluminum 
reduction  plants  .  The  Al-ltK  alloy  was  also  produced  ^  y 
rare  earth  carbonate  addition  to  aluminum  cells. 

Itecentl.v,  the  research  work  on  physical  properties  of 
cryolite-aluminum  fl uor i de-u 1 nrni ua-ra re  earth  oxide  melts 
has  been  done ll- .  Put  activity  measurements  of  rare 
earth  oxide  i  n  these  melts  has  not  been  published. 

Lanthana  activity  in  the  melts  was  obtained  in  the  present 
work  by  using  the  concentration  cell  assembled  with  MgO- 
stabilized  Y.r02  solid  electrolyte. 

11.  EX I'EK  I  MENTAL 

1.  Consideration  of  cell  design 

The  following  concentration  cell  was  designed  for  use  with 
MgO-stabil ized  ZrO^  solid  electrolyte. 


ri  rNaK  •  A 1  K  ■>  .  il  ..  rivur  'Mr-,  n. 

■>  /.  rO  2  /.r0o  3  Pi 

(°2>  +Ai203(C1)  (Mr0)  (02,  (Mko)  +A1203(C1>  (02)N-2) 
N2)  +La2<*3(sit)  N2)  +I'a20j(^2^ 

Theoretically  the  cell  (I)  is  equivalent  to  the 
cell: 


rNaK  -A  1  F- 


rNa  F •  A  1  F  - 


rNaF  •  A  IF 


(021N2)  4A12°3((:l)  (MeO)  +A12°3(C1>  (o2>N  ) 

+  l.a203  {  si  t )  +La>03(C2) 

However,  the  structure  of  the  cell  (l)  is  simpler  than  that 
of  t  tie  cell  (II),  and  the  cell  (!)  is  ulso  assembled  easily. 

In  order  to  prove  that  the  F.MF  of  two  cells  are  equal, we 
<lil  seven  contrast  experiments  (with  different  melts  at 
different  temperatures).  The  results  for  the  same  conditions 
show  that  the  differences  of  the  KMF  of  two  cells  (  A  E)  .ire 
smaller  than  1  2  mv .  This  result  proves  that  the  cell  (1)  is 
the  same  as  the  cell  (II)  el ec t roc  hem i ca II y . 

Besides,  the  adopted  oxygen  electrode  has  many  advan¬ 
tages.  For  example,  it  is  easily  assembled  and  there  is 
no  interaction  between  molten  salts  and  container. 

In  the  past  several  decades,  oxygen  electrode  has  widely 
been  appled  i n  measurin'*  physical  chemistry  and  electroch¬ 
emistry  properties  of  melts. 

Sterten  t1*"1  et  al.  used  the  cell  (III)  in  order  to  study 
the  behavior  of  oxygen  electrode  in  cryolite-alumina  melts. 


l‘t(02,  latm)  Na3Alf‘f>*  NajAlFy,,  (o2,Ar)l’t 
A  1  20  3  (  sa  t, )  A  1  20  3  (  sa  t ) 


(111) 


The  results  showed  that  l’t(02)  in  the  melts  is  a  reliable 
and  reversible  oxygen  electrode. 

Shen  Shiyingt^  obtained  alumina  activity  in  cryolite- 
alumina  me  1  I s  (with  different  content  of  alumina)  by  measur¬ 
ing  KMF  of  the  cell  (IV) 


Na3A  1  l-y 

'/■  r02 

Na  j.All-y 

Pt 

(IV) 

+Al203(sat) 

( -tCaO) 

4A1203(N2) 

(o2) 

used  oxygen  bridge 

connect i ng 

two  che.nical 

cells 

in  order  to  form  a  concentration  cell  when  researching  the 
state  of  the  silica  in  liquid  slags. 


Fe,  Si 


CaO,  Si02 

C  or  MgO 

CaO,  Si02 

Al203,Mg0 

°2 

ai2o3,  m«o 

FeS  i 


(V) 


The  research  results  showed  that  C  (or  MgO)  contacting  air 
and  molten  slags  is  an  oxygen  electrode.  Esin  also  pointed 
out  that  the  electric  potential  of  oxygen  electrode  depends 
on  the  activity  ratio  oxygen  on  electrode  to  oxygen  ions  in 
melts.  This  is  the  reason  that  oxygen  electrode  was  adopted 
in  the  present  work. 


The  electrochemical  reaction  of  the  cell  ( 1  I )  is: 
La20 3 ( a ' ) +-J-02( P2 ) =La203 ( a ) +-|~02 ( Pj ) 


(1) 


According  to  Nernst  Equation,  the  EMF  of  the  cell  is 
RT 


E=  - 


6F 


In 


a  Px3/2 
a’P23/2 


(2) 


Where  P,  and  P2  are  oxygen  pressures  on  the  surfaces  of  two 
electrodes,  a  is  the  activity  of  lanthana  in  the  melts 
which  is  not  saturated,  and  a'  is  the  activity  of  lanthana 
in  the  melts  saturated  with  lanthana.  Setting  the  activity 
of  the  melts  saturated  with  lanthana  equals  to  unity 
(a'=l),  and  considering  that  the  two  electrodes  of  the  cell 
(IT)  are  in  air,  so  Pj  equals  to  P2>  We  obtain  the  equation: 

aLa203=  E/T  O) 

If  EMF  of  the  cell  is  determined  at  a  temperature,  T > 
equation  (3)  can  be  used  to  calculate  the  activity  of  lan¬ 
thana  in  the  melts. 


2.  Experimental  Method 

MgO-s tabi 1 i zed  Zr02  solid  electrolyte  tubes  used  in 
present  work  were  produced  by  Shenyang  Ceramic  Plant. 


The  experimental  apparatus  consists  of  an  electric  re¬ 
sistance  furnace  controlled  by  DWK-702,  a  F£8  digital  vol¬ 
tmeter  and  a  LY4  digital  printer  (See  Fig.  l).  Before  ex¬ 
periment,  it  was  proved  that  the  temperature  field  is 
uniform  about  60  mm  above  the  furnace  bottom  when  the 
temperature  is  between  1200k  and  1300k.  In  order  to  prove 
that  MgO-stabi 1 i zed  2r02  solid  electrolyte  tuhe3  can  resist 
the  corrosion  of  cryolite-alumina  melts,  two  tubes  were 


1.  LB-3  thermocuple, 

2.  Pt  electrode  wire, 

3.  Solid  electrolyte 
cell , 

4.  Pt  wire, 

5.  Electric  resistance 
furnace , 

6.  Alumina  powder, 

7.  LL-2  thermocuple. 


soaked  in  the  melts  for  eight  hours  at  1273K.  The  experi¬ 
mental  results  showed  that  the  tubes  do  not  show  visible 
corrosion. 


The  F.Mf  of  the  cell  (/I)  was  recorded  by  J’Zfl  digital 
voltmeter  with  LY4  digital  printer,  six  times  a  minute. The 
average  of  the  EMFs  for  3  minutes  was  considered  as  an 
experimental  datum.  The  experimental  reagents  are  as  follows: 
Lanthana,  ba203  is  more  than  99.995?  (wt),  Yuelong  Chemical 
Plant,  Shanghai;  Alumina,  analytically  pure,  Shenyang  the 
Third  Reagent  Plant;  NaF ,  analytically  pure,  Dandong  the 
Fourth  Chemical  Plant;  Cryolite,  r=3.0,  Shanghai  the  Third 
Reagent  Plant  and  r=2.05,  Fushun  Aluminum  Reduction  Plant. 


III.  RESULTS  AND  DISCUSSION 

1.  Regression  Equation  and  its  Precision 
The  combinatorial  design  with  orthogonal  regression  was 
adopted  and  experimental  plan  and  results  are  given  in 
table  1.  The  regression  equation  ( 4 )  was  obtained  on  the 
basis  of  the  experimental  data. 

a=-80. 1885+0. 5274C|+0.2574C2-2.8452r  4-0. 13192T 

-0. 005 298C1C2-0.0002937CiT-0. 0001 8h2C2T-0.01904cf 
-0.00143f>C|4-0.5141r2-5.1889xl0-5T2  (4) 

Where  a  is  the  activity  of  lanthana,  C^  and  Cj  are  concen¬ 
trations  (#wt)  of  alumina  and  Lanthana  respectively,  r  is 
cryolite  ratio,  and  T  is  temperatuie  (K). 


501 


r 


Table  1.  Kxpe r i men ta 1  plan  a in  I  results 


No . 

Al2033i(wt) 

La 2^  3  '  (  w  t ) 

T 

T 

La203  activity 

i 

2 

2 

2.4 

1233 

0.00976 

2 

2 

2 

2.4 

1293 

0. 02708 

3 

2 

2 

3.0 

1233 

0.01193 

4 

2 

2 

3.0 

1293 

0.01419 

2 

10 

2.4 

1233 

0.  164  9 

a 

2 

10 

2.4 

1  29  3 

0.09629 

7 

10 

3.0 

12  13 

0.1 393 

8 

J 

10 

0.07703 

9 

[  r,  H 

2 

0.1197 

10 

r> 

2 

m 

0.09552 

mi 

8 

2 

3.0 

1233 

0. 1041 

12 

6 

2 

3.0 

1293 

0.03512 

13 

6 

10 

2.4 

1233 

0.4762 

14 

6 

10 

2.4 

129  3 

0.3214 

15 

6 

10 

3.0 

12  13 

0.3974 

lf> 

6 

10 

3.0 

129  3 

0.2521 

17 

l  .172 

6 

2.7 

■ 

0.04674 

18 

6.828 

6 

2.7 

0.1741 

19 

4 

0.344 

2.7 

1263 

0.00679 

20 

4 

1  1  .656 

2.7 

126  3 

0.4267 

21 

4 

6 

2.276 

1263 

0.4027 

22 

4 

6 

3.124 

1263 

0. 3078 

23 

4 

6 

2.7 

1220.6 

0.2975 

24 

4 

6 

2.7 

1305.4 

0.04113 

25 

4 

6 

2.7 

1263 

0.1954 

The  analysis  of  varianee  (F=17.87>  Fq  qj ( 1 1 ,  13) =4 .03) 
showed  that  the  regression  equation  is  very  precise.  In 
order  to  examine  the  reliability  of  the  equation  again,  we 
did  eight  contrast  experiments  at  random.  The  deviations 
of  lanthana  activity  calculated  and  measured  is  smaller 
than  to. 02  in  the  same  condition.  The  result  proves  that 
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the  equation  is  very  precise  and  reliable. 

2.  Influence  of  Several  Factors  on  Activity  of  l.anthana 

According  to  the  equation  ( 4  )  ,  the  influence  of  several 
factors  on  lanthana  activity  was  given  in  Fig.  2-Fig.  5. 

Fig.  2.  Shows  clearly  that  the  activity  of  lanthana  in¬ 
creases  with  increasing  concentration  when  other  fac¬ 

tors  do  not  change.  The  gradient  of  increase  relates  to  the 
concentration  of  alumina.  The  reason  is  that  A10F2  ions 
increase  with  increasing  the  concentration  of  alumina. 

When  cryolite  ratio  is  equal  to  2.7,  the  influence  of 
the  concentration  of  alumina  on  the  activity  of  lanthana  is 
plotted  in  Fig.  3.  As  can  be  seen  from  this  figure,  when 


Fig. 2  Variation  of  activity 
of  lanthana  (a)  with  its 
concentration  (Lao03X ( wt )  ) 
at  1218K 

»-r=2 . 5 
x-r  =  2 . 9 

• -r=2 . 5 ,  Al203=2tf. 


Fig. 3  Variation  of  acti¬ 
vity  of  lanthana  (a) 
with  concentration  of 
alumina  (Al203/0(vt)) 

( r=2 . 7 ) 

•  -T=1248K ,  I.a203=9/b; 
x-T=12f>3K,  La203=9$; 

•  -T=l 21 KK  ,  La203  =  3^'. 


Al203=f$; 
A 1  i03=fi^> ; 


the  concentration  of  alumina  is  smaller  than  5^(wt),  the 
activity  of  lanthana  increases  with  increasing  the  concen¬ 
tration  of  alumina,  and  when  the  concentration  of  alumina 
is  higher  than  6^(wt),  the  slope  reverses.  The 
results  mav  he  that  complicated  complex  ions  is  formed  hy 
combination  of  Al-O-F  ions{TJ  ,  so  the  concentration  of 
A10F2  ions  decreases. 
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TOO 


Fig. 4  The  influence  of  cryolite 
ratio  on  the  activity  of 
lanthana  (a)  at  1263K 

x-A120j=6$,  La203=99^j 

a-Al203=4^t  Ija2®3=<^> 

•-Al203=4^,  La203=3$. 


Fig. 5  The  influence  of 
temperature  on  the 
activity  of  lanthana 
U)  (Al203=4#  (wt)) 

a-r=2.6,  La203=9$; 

x-r=2.8,  La203=9^i 

•-r=2.6,  La203=3^. 


The  influence  of  cryolite  ratio  on  the  activity  of  lan¬ 
thana  ia  illustrated  in  Fig.  4.  It  is  shown  that  the  acti¬ 
vity  of  lanthana  decreases  slightly  with  increasing  cryolite 
ratio . 


Fig.  5  shows  the  influence  of  temperature  on  the  activity 
of  lanthana.  The  curves  in  ttie  figure  show  that  the  activity 
of  lanthana  first  increases  and  then  decreases  slightly  with 
increasing  the  temperature.  This  is  the  results  of  two  re¬ 
asons.  First,  increasing  temperature  causes  complex  ions 
to  decompose,  and  this  increases  the  activity  of 
lanthana.  Second,  the  solubility  of  lanthana  in  melts  in¬ 
creases  with  increasing  temperature,  so  its  activity  decre¬ 
ases  . 


3.  The  Isogram  of  Lanthana  Activity 

In  order  to  examine  the  influence  of  several  factors  on 
the  activity,  the  isogram  of  lanthana  activity  is  illustra¬ 
ted  in  Fig.  6.  The  figure  shows  that  when  the  concentration 
ratio  lanthana  to  alur ina  is  equal  to  some  datum,  the  acti¬ 
vity  of  lanthana  is  the  highest.  Cryolite  ratio  has  little 
influence  on  this  result  . 
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Al203  #'(vt) 

Fig.  6  Iso-activity  lines  of  lanthana  in 

r  Na!  • AlP3-Al203-La203  melts  at  1253K 

- r=2 .5  ;  - r=2.7 

IV.  CONCLUSION 

1.  A  highly  precise  regression  equation  of  lanthana 
activity  was  obtained. 

2.  The  experimental  results  show  that  the  activity  of 
lanthana  in  melts  increases  with  increasing  its  concentra¬ 
tion, and  the  concentration  of  alumina  has  a  large  influ¬ 
ence  on  the  activity  of  lanthana.  When  the  concentration 
of  alumina  is  about  5$,  the  activity  of  lanthana  reaches 

a  maximum. 

3.  The  Isogram  shows  that  the  activity  of  lanthana 
reaches  a  maximum  as  a  function  of  the  1 anthana/a 1 umi na 
ratio  . 
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ABSTRACT 

Tin-  reaction  between  1 1  tannin  and  titanium  ions  was  invest  mat  fit  Dy 
means  of  electrochemical  and  physical  methods  m  KCI-NaCI  molten 
salts  with  k?TiFe  or  Tii  I3  at  973k.  The  reactions  were  considered 
as  fol lows. 

2T 1 3 ♦  +  Ti  =  3Ti?'  in  K<  l-Nai  I  with  T1CI3 

TiO  +  Ti  =  2Ti?*  in  KCI-NaCI  with  k?TiF$  less  than  O.Umolt 

3T 1 4 *  +  Ti  =  4T 1 3 *  in  KCI-NaCI  with  K?TiF$  more  than  2.7mol5. 

And  also,  it  was  clarified  that  the  fluorine  ions  affected  on  the 
reduction  reaction  of  titanium  ions  ( T 1 4 * )  hy  the  electrochemical 
and  physical  measurements  in  the  molten  salts  with  KF. 


IMKiiDt'i'l  ln\ 

The  el ert rodeposi 1 1  on  of  titanium  from  molten  salt  systems  has  been 
Invest  {gated  by  many  resea rchersf 1-6).  However,  the  process  is  very  com¬ 
plicated  due  to  lower  valent  compounds  of  t  i  t ani umf Ti2 +,Ti5 +)  which 
exist  tn  the  electrolytic  bath  and  the  reactions  between  metallic  titan¬ 
ium  and  tetra-  or  trivalent  titanium  ions{7-lh).  There  are  currently  a 
number  of  papers  concerning  the  equilibrium  between  titanium  metal  and 
chloride  molten  salts  containing  T1C1,,  or  Ti C 1 3  (1 0— 13)  but  few  reports 
concerning  the  mechanism  and  kinetic  behavior  of  the  interaction  between 
titanium  metal  and  titanium  Ions  in  various  compositions  of  molten 
salts.  This  is  of  importance,  not  only  for  the  electrodeposition  of 
titanium  from  molten  salt  systems,  but  also  for  the  applications  of  the 
disproportionation  reaction  to  the  formation  of  thin  films(lA).  In  this 
paper,  the  Interaction  reaction  of  titanium  and  titanium  ions  was  Inves¬ 
tigated  and  discussed  by  the  use  of  the  immersion  test  and  the  electro¬ 
reduction  of  Ti  ionsCK^TlKg)  by  linear  sweep  vol t amme t ry , chronoampe rome- 
try  and  Faradalc  impedance  measurements  in  NaCl-KCl  molten  salts.  Also, 
the  effects  of  F“  Ions  on  the  reaction  and  behaviour  of  electroreduction 
o’  Ti 14  +  ions  were  Invest  Igated. 


EXPERIMENTAL 

The  exper I menial  cell  for  el petrochemical  measurements  is  shown  m  Fig.l. 
All  experiments  were  carried  out  in  a  protective  purified  argon  almospliere  at  a 
temperature  of  973±2k.  The  reference  electrode  consisted  of  Ag-O.lNAgfl  in  equi 
molar  KCI-NaCI  molten  salts  and  a  very  thin  mil  I  He-  lube  as  diaphragm.  A  Ti  win 
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The  counter 


<  1 .6«n 0 >  or  a  Pt  wire(O.5mm0)  was  used  as  a  working  electrode, 
electrode  was  Pt  wire  with  a  large  surface  area. 

As  a  supporting  electrolyte,  an  equimolar  KCI-NaCI  mixture  was  used  after 
holding  at  their  melting  point  in  a  vacuum  enough  to  dehydrate.  K?T i Fe  and  TiCI 3 
were  both  used  as  a  source  of  titanium  ions.  Also,  KF  was  added  into  the  molten 
salts  to  examine  the  effects  of  fluorine  ions  on  the  reaction  behaviour  of  tita- 
niura  Ions.  Linear  sweep  voltammetry  and  chronoamperomet ry  were  achieved 
by  means  of  a  conventional  potent! ostat .  The  impedance  measurements 
were  performed  using  a  digital  frequency  response  analyzer( 1 5) .  Alter¬ 
nating  voltage  with  an  alternate  of  about  10  mV  was  superimposed. 

Also,  the  weight  changes  of  Ti  plates  with  IOX10X2mm  were  measured  after 
being  immersed  in  the  molten  salts  with  various  compositions  of  K?Ti Fe ,TiCI 3 ,  KF 
and  so  on.  The  molten  salts  after  experiment  were  cooled  in  the  inert  atmosphere 
and  solidified  salts  were  leached  with  boiled  distilled  water  to  dissolve  the 
alkali  chlorides  and  to  separate  the  insoluble  products  formed  by  the  reaction 
between  titanium  and  Ti4*  ions  (KzTiFg).  The  separated  products  were  analy2ed  by 
X-ray  diffraction  to  obtain  the  information  about  the  valency  state  of  Ti. 


RESULTS  AND  DISCUSSION 
l.Reaction  between  Ti  metal  and  Ti  ions 

Typical  potential  changes  of  titanium  plates  of  10X10X2(mm)  in  KCI-NaCI 
with  TiCb  or  KjTiFg  are  shown  in  Fig. 2.  It  was  found  that  the  mixed  potential  E 
increased  with  the  increase  of  TiCI 3  or  K2T i Fe  concentration  in  the  molten  salts 
and  a  steady  state  was  obtained  in  about  30-60  minutes.  Then,  the  immersion  time 
was  taken  as  70  minutes  to  determine  the  weight  change  of  Ti  plates  in  the  molten 
salts.  The  Ti  weight  changes  associated  with  the  reaction  between  Ti  metal  and 
Ti  ions  in  KCI-NaCI  molten  salts  with  TiCU  or  K?TiFg  are  demonstrated  in  Fig. 3. 
The  lines  represent  the  theoretical  weight  change  in  accordance  with  various 
possible  interaction  mechanisms.  The  experimental  results  in  the  bath  with  TiCb 
was  in  good  agreement  with  the  theoretical  line,  which  follows  this  reaction. 

2T i *♦  +  Ti  =  3Ti«*.  [1] 

But  the  interaction  between  titanium  metal  and  the  molten  salts  with  K?TiFg  was 
not  simple.  The  experimental  values  in  the  bath  with  lower  concentrations  of 
K2T1 Fb  agreed  with  the  theoretical  line  of  reaction[2]  and  those  in  the  bath 
with  higher  concentrations  of  KzTiFg  appeared  to  agree  with  reaction[3]. 

Ti4*  +  Ti  =  2Ti**  [2] 

3T i 4  *  +  Ti  =  4Ti3*  [3] 

From  the  results  shown  in  Fig. 3,  the  mechanism  of  the  interaction  between  tita¬ 
nium  metal  and  the  molten  salts  containing  K2T i Fe  appears  complex,  so  it  was 
necessary  to  determine  the  products  of  the  interaction  in  order  to  clarify  the 
reaction  mechanism. 


2.X-ray  analysis 
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Typical  results  of  the  X-ray  diffraction  of  insoluble  naterials  through  wa¬ 
ter  leaching  of  the  solidified  salts  are  given  in  Fig. 4.  Besides  the  fluorides 
of  trivalent  t i tani u«(K2NaT i Fe ,KT i F4 » NaT i F4 »K3T i Fe . Na3T i Fe ) .  the  lines  for  tita- 
niuii  metal  were  very  strong  in  Fig. 4(a),  less  stronger  in  Fig. 4(b)  and  very  weak 
in  Fig. 4(c). 


Fig. 5  shows  typical  complex  impedance  diagrams(Z=R+JX,  j=vr-l)  for  the  int¬ 
eraction  reactions  between  titanium  metal  and  the  KCI-NaCI  molten  salts  contain¬ 
ing  TiCI 3  or  K?TiFg  at  mixed  potentials.  And  it  is  the  result  of  Ti  electrode  in 
the  molten  salts  with  1 . 37mK>  I XK2  T i Fe  or  0 . 276mo I  XT i C I  a .  It  is  evident  that  the 
complex  impedance  diagrams  consist  of  two  parts  for  both  T iCl 3  and  K2T i Fe .  the 
loop  on  the  higher  frequency  side  is  due  to  a  charge  transfer  reaction,  and  the 
straight  line  with  a  slope  of  about  45°  on  the  lower  freqency  side  is  attributed 
to  diffusion  of  reactants  or  reaction  products. 

Fig. 6  shows  a  relation  between  the  reaction  resistance(l/R(*)  obtained  from 
the  impedance  data  and  the  average  weight  change  rate( zJV  mg/hr. cm2)  of  titanium 
immersed  in  KCI-NaCI  molten  salts  with  Ti Cl 3  or  K?T i Fe -  There  was  a  straight 
line  relation  for  titanium  metal  in  the  molten  salts  with  TiCU,  but  in  the  case 
of  K2TiFg  a  straight  line  relation  was  not  observed.  The  implication  is  that  the 
mechanism  of  the  reaction  between  titanium  metal  and  the  molten  salts  containing 
K2T i Fe  changed  with  the  KjTiFg  content. 


4.  Reaction  between  Ti  and  K?TiFe 

From  the  results  in  Fig. 3, 4  and  6,  the  interaction  between  titanium  metal 
and  the  molten  KCI-NaCI -teTiFg  was  different  from  the  reaction  between  titanium 
metal  and  the  molten  KCI -NaCl -TiCI 3 -  When  the  content  of  K2T i Fe  was  higher  than 
2.76mol .X(about  9.1wt.X),  the  weight  change  of  the  titanium  specimen  agreed  well 
with  the  theoretical  values  calculated  as  the  reaction  of  eq.[3],  where  the  pro¬ 
ducts  were  determined  as  titanium  trifluoride  group  in  Fig. 4(c).  These  results 
were  consistent  with  those  obtained  by  many  researchers(15-18).  Therefore,  the 
interaction  between  titanium  metal  and  the  molten  salts  with  higher  than  about 
9wt.X  K?TiFg  content  can  be  indicated  as  the  eq.[3]. 

When  the  concentration  of  K2T i Fs  was  less  than  approximately  0.8molX,  the 
experimental  results  were  in  close  agreement  with  the  theoretical  values  calcu¬ 
lated  by  the  reaction  of  eq.[2].  However,  only  titanium  trifluoride  compounds 
and  titanium  metal  in  the  products  were  detected  according  to  X-ray  diffraction 
analysis  results.  This  may  be  because  of  the  decomposition  of  Ti2*  (fluoride) 
during  cool i ng( 19-20) .  The  reaction  of  titanium  metal  in  the  molten  salts  with 
less  than  about  0.8mol.X  K?TiFg  content  proceeded  according  to  reaction[2].  And 
from  the  results  in  Fig. 3  and  4(b),  the  interaction  reaction  between  titanium 
metal  and  the  molten  salts  containing  K?TiFg  of  0.8~2.7mol.X  was  represented  by 


reactions  [2], [3]. 


5. Effects  of  F  ions  on  the  reaction  between  Ti  and  Ti  ions 

The  behaviour  of  the  reaction  between  Ti  metal  and  Ti  ions  in  equimolar  KFI 
-NaCI  molten  salts  with  KpTiFe  was  more  complex  in  comparison  with  the  i  ase  of 
T i (' 1 3 -  Therefore,  the  experiment  was  made  to  clarify  the  effects  of  F  ions  on 
the  reaction.  Fig. 7  shows  Ti  weight  changes  with  the  concentration  of  KF  in  Ki I • 
haCI -KF-3wti(or  lOwtDKgTiFe.  The  dashed  lines  present  the  theoretical  weigh! 
changes  in  accordance  with  various  possible  mechanisms  provided  that  these  reac¬ 
tions  proceed  completely.  In  KCI-NaC|-3wttK?TiF6.  the  Ti  weight  changes  in  the 
bath  with  below  3wU  KF  were  in  close  agreement  with  the  reaction  of  eq.[2]. 
However,  the  weight  changes  decreased  with  the  increase  of  KF  concent i at  ion.  It 
was  caused  that  the  reaction  changed  from  eq.[2]  to  eq.[3].  In  KCI-NaCI-IOwt.* 
K?TiFe  molten  salts  with  various  composition  of  KF.  the  Ti  weight  changes  were 
independent  of  the  KF  concentration.  These  values  agreed  well  with  the  ttieon'li- 
cal  those  calculated  from  the  reaction  of  eq.[3]. 

As  discussed  above,  it  can  be  concluded  that  the  reaction  of  Ti  arirl  Ti4' 
ions  with  less  fluorine  ions  occured  to  act  liKe  that  in  alKali  chloride  mells. 
Also,  there  existed  an  Intermediate  fluorine  ion  range  in  which  reactions  of  eq. 
[2]  and  eq.[3]  occurred  simultaneously  and  were  In  equilibrium 


6. polarization  behavior  of  Ti  and  Ti.4* 

It  was  observed  that  fluorine  ions  played  a  important  role  in  the  reaction 
as  shown  above.  The  cathodic  reactions  of  T i 4 *  ions  and  anodic  reart  ions  of  Ti 
will  be  presented  in  this  section.  Typical  linear  vol tammograms  for  electroie- 
duetion  of  Ti4'  ions  in  KFI -Nan -SwUKpTi Fr  ami  anodic  reaction  of  Ti  melal  in 
KCI-NaCI  molten  salts  are  given  in  Fig. 8.  Curve(l)  in  this  figure  is  the  cathod¬ 
ic  current  density-potential  curve  for  the  redulion  of  Ti4*.  According  to  this 
result  and  the  result  obtained  at  the  same  Pt  electrode  in  pure  KCI-NaCI  molten 
salts.it  was  found  that  the  current  increased  from  less  potential  than  -2.0V  cor¬ 
responded  to  the  reduction  of  alKali  ration  ions.  Then,  the  reduction  of  T i 4 * 
ions  consisted  of  four  stepsfdiscussed  later  in  this  paper).  This  differed  from 
the  results  published  in  the  I iterature[15-18]  in  which  it  was  pointed  that  the 
reduction  of  Ti4’  ions  in  fluoride  or  chloride-fluoride  mixed  melts  (K?TiF&  >  10 
wt.*>  had  following  steps!  Ti4*  +  e=Ti3'.  Ti3*  +  3e  =T i (Pt  alloy). 

Curve(2)  in  Fig. 8  presents  the  anodic  behavior  of  Ti  metal  in  pure  KCI-NaCI 
molten  salts.  It  was  composed  of  three  different  straight  relations  between 
log(i)  and  potentiaKV).  According  to  standard  potential  of  T i /T i 4 * ( o i  Ti  3*  or 
Ti3*)  system,  it  was  reasonably  considered  that  they  corresponded  to  the  follow¬ 
ing  three  different  anodic  reactions. 

Ti  =  Ti3’  +  2e  (A) 

Ti  =  Ti3'  +  3e  (5) 

Ti  =  Ti4'  +  4e  (6) 
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Also  it  was  noted  that  part  (A)  of  thp  anodic  curve,  which  corresponds  to  eq.(4). 
intersected  with  part(b)  of  the  cathodic  one. 

A  typical  linear  volt  annuo#  ram  for  the  rediction  of  T  i 4  4  in  Kfl-Nafl  molten 
salts  with  lOwt .%K?T i Fs  is  shown  in  Fig. 9.  It  differed  from  the  electrorediict  ion 
of  T i 4 4  ions  in  the  molten  salts  with  3wttk?TiFe.  In  this  case,  three  steps  were 
observed.  Fig. 10  showed  typical  linear  vol tammograms  for  elei  troreduct ion  of 
Ti4*  ions  in  KOI -NaCI -3wt.tK?TiF6  molten  salts  with  lOvl.tkF  and  anodic  reaction 
of  Ti  metal  in  KC I  -NaCI  melts  containing  lOwtlKF.  In  comparison  with  the  results 
in  Fig. 8  and  9.  the  cathodic  behaviour  of  T i 4 4  ions  were  close  to  that  in  k<’l- 
Nad  molten  salts  with  10  wt.$K?TiF6  and  the  anodic  characterist ics  were  similar 
to  that  in  pure  KCI-NaCI  melts.  However,  part  (ti)  of  the  anodic  curve  intersect¬ 
ed  with  part  (c)  of  the  cathodic  one.  This  point  was  different  from  that  shown 
in  Fig. 8. 


It  was  shown  that  the  reduction  of  T i 4 4  ions  at  a  I’t  electrode  was  (quasi) 
reversible  process  and  mainly  diffusion  controlled.  Therefore. the  following  equ¬ 
ation  can  be  used  for  estimation  of  the  electron  number  involved  in  the  electro¬ 
chemical  rediction  steps,  if  both  the  reactants  and  prodtir  ts  are  soluble. 

tVEi/?prHf.c  -E(m--2.20RT/(nF)  [7] 

The  electron  numbers  were  also  obtained  from  the  slope  [KT/(nF)]  of  the  propor¬ 
tional  relations  between  log[(id-i)/i]  for  a  steady  vol tammogram.  Table  1  and  2 
showed  the  mean  values  calculated  by  these  two  methods.  X-ray  diffraction  analy¬ 
sis  was  used  to  determine  the  products  obtained  on  a  Pt  electrode  after  elec  Iro- 
lysis  at  various  potentials.  The  electrochemical  reduction  of  T i 4 4  ions  on  a  Pt 
electrode  in  fluoride-chloride  mixed  melts  with  higher  fluorine  ions  was  sugges¬ 
ted  as  follows. 


Ti44  +  e  =  T|3*  [8] 

Ti3*  +  3e  =  Ti(Pt  alloy)  [9] 

Ti3*  ♦  3e  =  T i(pure)  [10] 

When  the  concentration  of  F  ions  in  the  molten  melts  was  less,  the  reduction 
reaction  was  proposed  as  the  following  four  sequential  steps. 

Ti44  +  e  =  Ti3'  [II] 

Ti3*  +  e  =  Ti 2 4  [12] 

Ti?4  +  2e  =  Ti (Pt  alloy)  [13] 

Ti?*  +  2e  =  Ti(pure)  [IT] 

The  reaction  between  Ti  metal  and  the  molten  salts  containing  Ti  ions  can  be 
deduced  from  the  cathodic  reaction  and  anodic  reaction  at  the  intersection  point 
of  these( cathodic  or  anodic)  vol tammograms.  According  to  the  results  shown  in 
Fig. 8,  the  cathodic  reactions  was  eq.[!l]  and  cq -[12]  and  the  anodic  one  was  cq. 
[4]  at  the  mixed  potential  which  was  approximately  equal  to  that  at  the  inter¬ 
section  point.  Then,  the  reaction  between  Ti  metal  and  KCI-Na(  l-3wt?  kjTiFe  were 
the  same  with  reaction  of  eq.[2]. 


CONCIliSIfiN 

The  reaction  between  titanium  and  titanium  ions  was  considered  to  proi  eed 
at  973K  as  follows. 
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2Ti3*  +  Ti  =  3Ti in  KCI-NaCI  with  TiCIa 

T i 4 *  +  Ti  =  2Ti2*  in  KCI-NaCI  with  K?T i Fe  less  than  0.8boIX 

3T i 4 *  +  Ti  =  4T i 3 *  in  KCI-NaCI  with  K2TiFe  Bore  than  2.7molX 

The  effects  of  the  fluorine  ions  on  the  reduction  reaction  of  titaniua  ions(Ti<*> 

have  been  clarified.  The  reduction  of  Ti**  ions  changed  froa  Ti**  +  e  =  Ti3*, 
Ti3*  +  e  =  Ti2*  and  Ti2*  +  2e  =  Ti  three  step  process  to  T i 4 *  +  e  =  Ti3*, 

Ti3*  +  3e  =  Ti  two  step  process  with  the  increase  of  F'  concentration. 
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Fig.l  Electrolysis  cell.  (1)  sili¬ 
cone  rubber!  (2)  quartz  tube!  (3)  cru¬ 
cible!  (4)  CA  thermocouple. 
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Fig. 2  Tine  dependence  of  mixed  potential  of  Ti  plates  in  kCI -NaCI 
melts  with  various  compositions  of  (a)  TiChl  (b)  K?TiF$  at  973K 


cell  (moles  •  io‘*  ) 


Fig. 3  Weight  changes  of  the  Ti  specimens 
in  KCI -NaCI(15g)  with  T i C 1 3  or  K?TiFe  for 
70  minutes  at  973K.  The  lines  represent 
theoretical  weight  changes  with  various 
possible  reactions. 
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fig. 4  X-ray  diffraction  of  the  products  of  the  reaction  between 
Ti  metal  and  Ti  ions  in  KCl-NaCI  melts  with  KpTiFel  (a)  0.27GmolV, 
(h)  1 .37moli;  (c)  3.99moU. 
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Fig. 5  Comp  ley  impedance  diagrams 
of  a  Ti  electrode  in  KCI-NaCI 
melts  at  mixed  potential  at  973K: 
(1)  0 . 27Gmo I %T i C 1 3 i  (2)  l.37mol% 
k?TiF6. 


Fig. 6  Relation  between  Ti  weight 
change  rate  and  the  rharge  transfer 
resistance  of  Ti  electrode  at  mixed 
potential  in  kr'l  -Nail  mel  ts  with 
T |CI3  or  KpTiFp . 
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Fig. 7  Effects  of  KF  conce- 
tration  on  the  Ti  weight 
changes  in  KCI -NaCI -KF(30g) 
melts  with  K?T i Fs  for  3hrs. 
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Fig. 9  (1)  Cathodic  polari¬ 
zation  curve  for  Ti4*’  ions 
in  KCI -NaCI  melts  with  3wt.X 
K2T1FB  and  lOwt.XKF;  (2)  Ano¬ 
dic  one  for  a  Ti  electrode  in 
KCI -NaCI -lOvt.XKF  at  973K.  Scan 
rate!  50mv/s 


Fig. 8  (1)  Cathodic  polari¬ 
zation  curve  for  T 1 4 *  ions 
in  KCI  -NaCI  mel  ts  with  3wt..£ 
K?T i F6 ;  (2)  Anodic  one  for 
a  T 1  electrode  in  KCI -NaCI 
at  973K.  Scan  rate:  50mv/s. 
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Fig. 10  Linear  sweep  voltammo- 
gram  for  reduction  of  Ti4’  ions 
in  KCI -NaCI -10wt.*K?TiF«  at  973K 
Ft:  0. I59cm?:  scan  rate:  SOmV/s. 
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Table  1  Mean  values  of  electron  nuiiber  for 
reduction  of  Ti4*  in  KCI-NaCI  with  K2T i Fe  on 
a  Pt  electrode  at  973K 


Reduction  step 

(a) 

(b) 

(c) 

(d) 

lwt.%K2TiF« 

0.99 

1.10 

1.89 

1.91 

lOwt-X^TiF# 

1.01 

2.82 

3.02 

Table  2  Mean  values  of  electron  number  for 
reduction  of  Ti4*  in  KCI -NaCI -3wt.*K2Ti Fe 
melts  with  KF  on  a  Pt  electrode  at  973K 


Reduction  step 

(a)  (b)  (c)  (d) 

Owt.XKF 

3wt.XKF 

lOwt.XKF 

20wt.X 

0.92  0.95  2.01  1.94 

1.02  0.90  1.86 

1.01  2.99 

0.92  2.96 
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PULSE  AND  A.C.  IMPEDANCE  STUDIES  OF  THE  ELECTROCHEMICAL 
SYSTEMS  OF  TITANIUM 
IN  LiCI-KCI  EUTECTIC  MELT  AT  743  K. 

D.M.  Ferry,  G.S.  Picard  and  B.L  Tr6millon 
Laboratoire  cfElectrochimie  Analytique  et  Appliqu6e 
associd  au  C.N.R.S.  (U.A  216) 

E.N.S.C.P.,  1 1  rue  P.  et  M.  Curie 
75231  Paris  Cedex  05  -  France 

ABSTRACT 

The  electrochemical  systems  of  titanium  in  LiCI-KCI  eutectic  melt 
have  been  investigated  by  means  of  pulse  techniques  and  A.C. 
impedance  measurements.  Ti^+/Ti(IV)  electrochemical  system 
appears  reversible  while  Ti^+/Ti^+  is  quasi-reversible  and  metallic 
titanium  deposition  from  Ti2+  is  irreversible.  Kinetic  constants 
related  to  these  redox  systems  have  been  determined  as  also  the 
thickness  of  the  diffusion  layer,  the  double  layer  capacitance  and  the 
electrolyte  resistance. 

1 .  INTRODUCTION 

The  electrodeposition  of  metallic  titanium  from  titanium  (IV)  chloride  in  molten 
chlorides  melt  aroused  a  lot  of  investigations  since  the  early  fifties.  Nevertheless  the 
important  discrepancies  between  the  various  results  available  in  literature  led  us  to 
perform  a  systematic  study  of  the  thermodynamic  stability  of  titanium  chlorides  and 
oxides  in  a  particular  bath,  the  molten  eutectic  LiCI-KCI  at  743  K. 

First  we  determined  the  standard  potentials  of  the  three  different  redox  systems 
of  titanium  (Ti(0)/Ti(ll),  Ti(ll)/Ti(lll)  and  Ti(lll)/Ti(IV)]  and  the  solubility  products  of  all 
the  titanium  oxides  (1)-  Secondly,  because  of  the  lack  of  information  on  the  kinetic 
parameters  of  the  electrochemical  systems  of  titanium,  we  have  undertaken  their 
determination  by  using  pulse  and  A.C.  impedance  techniques.  This  is  the  subject  of  this 
paper. 

2.  TECHNICAL 

2.1.  Preparation  of  melt  and  apparatus. 

The  eutectic  melt  (45  wt  %  LiCI  -  55  wt  %  KCI)  was  contained  in  a  pyrex  crucible 
placed  inside  a  pyrex  reactor.  This  mixture  was  fused  under  vacuum  as  was  described 
earlier  (2),  and  then  maintained  at  the  working  temperature  (743  K)  under  an  inert 
atmosphere  of  dry  argon.  Heating  was  achieved  by  means  of  a  Renat  furnace  connected 
to  a  tenperature-controlled  device  Microcor  Chauvi n-Arnoux. 

2.2.  Products  and  electrodes. 

Lithium  and  potassium  chlorides  (minimum  purity  99%)  were  supplied  by  Merck. 
Solid  titanium(lll)  chloride  (purity  >  98%),  from  Alpha  Ventron,  was  kept  in  a  dry 
glove-box  until  its  use.  TiCI3  was  added  into  the  melt  by  means  of  a  "powder  burette"  (3). 
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The  working  and  counter  electrodes  were  tungsten  wires  (surface  area  S  =  0.24 
cm2)  and  the  reference  electrode  was  the  silver-silver  chloride  (0.75  mol. kg'1) 
reference  previously  discribed  (3).  Metallic  wires  were  supplied  by  Johnson  Matihey  (W 
purity  :  99.98  %  ;  Ag  :  15  ppm  of  impurities).  Silver  chloride  was  a  Merck  product 
(99  %).  Potentials  are  referred  in  this  paper  to  the  chlorine  (1  atm)-chloride  electrode 
whose  potential  is  +  1 .023  V  versus  our  reference  electrode. 

2.3.  Pulse  techniques. 

Chronoamperograms  and  chronopotentiograms  have  been  recorded  by  using  a  PAR 
Model  176  potentiostat-galvanostat  connected,  yia  an  interface  Model  273,  to  an  Apple  lie 
microcomputer.  Experimental  data  have  been  stored  onto  5"1/4  flexible  disks  and 
then  plotted  with  a  7470  A  Hewlett-Packard  plotter. 

2.4.  A.C.  Impedance  measurements. 

Experiments  were  performed  with  a  Z  Computer  system  Tacussel  coupled  to  a 
Hewlett-Packard  9826  microcomputer.  Measurements  have  been  carried  out  using  a  15 
nV  aiplituJe  sine  wave  signal  and  a  frequency  range  from  100  kHz  to  50  nttz.  The 
usual  operating  precautions  (Faraday  cage  surrounding  the  electrochemical  cell,  con¬ 
necting  screened  wires,...)  were  taken.  Interpretation  of  experimental  data  was 
realized  by  conparinq  than  with  conputerized  curves  according  to  a  wxhan'sm  model. 
An  HP  9000  Series  300'  mi crocorputer  and  a  7470  A  HP  plotter  was  used  for  that 
purpose. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Chronoamperometrlc  studies  of  the  oxidation  and  reduction  of 

tltanlum(lll)  solutions. 

From  E  »  -2.5  V  to  E  =  0  V,  it  was  experimentally  observed  that  chronoamperograms 
exhibit  a  current  constant  value,  due  to  thermal  convection,  for  each  potential  when  times 
are  greater  than  10  s.  These  steady  state  potential-dependent  current  values  were  used 
for  obtaining  the  i-E  curves  represented  in  figure  1  a. 

We  can  notice  on  figure  2a  that  the  diffusion  limiting  current  of  the  oxidation  wave  is 
pratically  equal  to  the  one  of  the  first  reduction  wave  and  to  the  half  of  the  second 
reduction  wave.  Besides,  a  logarithmic  analysis  of  the  i-E  oxidation  curve  (figure  1b) 
indicates  a  bilogarithmic  behavior  when  potential  is  lower  than  the  half-wave  potential 
(current  densities  less  than  13  mA.  cm'2)  corresponding  to  a  reversible  charge  transfer 
involving  one  electron  suggesting  the  formation  of  soluble  Ti4+  ions.  For  potentials 
greater  than  the  half  wave  potential,  we  observe  a  deviation  from  the  bilogarithmic 
behavior  which  can  be  explained  by  considering  the  solubility  of  gaseous  TiCI4.  By  such  an 

analysis,  we  can  verify  that  the  number  n  of  exchanged  electrons  is  close  to  the  unity  (n  - 
1 .2  ±  0.1).  From  these  results,  we  can  deduce  that  the  first  step  of  the  Ti2+  ion  reduction 
leads  to  titanium(ll),  followed  by  the  reduction  of  Ti(ll)  into  metallic  titanium. 

By  plotting  the  variation  of  the  current  versus  the  reciprocal  value  of  the  square 
root  of  time  at  a  potential  corresponding  to  the  diffusion  limiting  current  of  the  i-E 
oxidation  curve  (point  P  on  figure  la),  we  demonstrate  that  experimental  data  obey 
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Cottrell's  law  (figure  1c).  The  straight  line  obtained  has  a  slope  of  45  ±  6  mA.cm'2.s'1/2 
from  which  the  diffusion  coefficient  D  of  Ti3+  ion  has  been  calculated  by  using  for  the 
number  of  exchanged  electrons  the  value  n  =  1  determined  above.  We  found  D  =  (1 .9  ± 
0.5). 10®  cm2  s'1.  By  using  (i)  this  value  of  D,  (ii)  the  one  of  the  thickness  5  of  the 
diffusion  layer  deduced  from  the  limiting  current  density,  and  (iii)  those  of  the  standard 
potentials  of  the  electrochemical  systems  Ti3+/Ti2+  and  Ti2+/Ti(0)  (previously 
determined  potentiometrically  (1,5,6)],  it  was  possible  to  obtain  a  simulated  curve  (solid 
line  on  figure  la)  which  fits  well  the  experimental  points,  thus  verifying  the  consistency 
of  the  proposed  electrochemical  reactions  From  this  analysis,  we  have  obtained  the 
values  of  the  intrinsic  rate  constants  kQ  and  of  the  transfer  coefficients  a  of  these  two 

redox  systems  (Table  1).  Ti3+/Ti2+  can  be  considered  as  quasi-reversible  whereas 
titanium  deposition  appears  irreversible. 

3.2.  Chronopotentlometrlc  analysis  of  the  titanium  electrochemical 

systems. 

Ti3~*7TiMV)  electrochemical  system. 

Figure  2a  gives  typical  chronopotentiograms  obtained  at  a  tungsten  electrode  for 
imposed  anodic  current  density  values  ranging  from  29  to  42  mA.cm'2.  We  observe 
waves  whose  quarter  wave  potentials  Et/4  are  very  close  to  the  value  of  the  Ti3+/Ti(IV) 
standard  potential  (itself  equal  to  the  half  wave  potential  E1/2  of  the  oxidation  curve  of 

figure  la).  For  times  higher  than  the  transition  times  x,  potentials  reach  values  relative  to 
the  oxidation  of  chloride  ions  into  chlorine.  Analysis  of  the  variation  of  the  transition  time 
as  a  function  of  imposed  current  density  values  j0  (figure  2b)  confirms  that  the 
electrochemical  reaction  is  diffusion-controlled  (Sand's  law).  From  the  slope  of  the 
straight  line  obtained  by  plotting  j0  versus  x'1/2,  we  obtained  for  the  diffusion 

coefficient  D  of  Ti3+  the  value  D  =  (1.0  ±  0.1).  10  ®  ernes'1  which  is  slightly  lower  than 
the  value  determined  by  chronoamperometry. 

Current  reversal  chronopotentionatry  has  given  the  follcwing  additional  informa¬ 
tion.  By  reversing  the  current  at  various  times  of  electrolysis  (and  for  several 
current  values)  as  shewn  in  figure  2c,  we  have  been  able  to  demonstrate  that  titan- 
iun(IV)  is  produced  as  a  soluble  species.  In  fact,  the  ratio  of  T  red  (transition 
time  corresponding  to  the  redaction  of  part  of  the  species  fomed  during  electroly¬ 
sis  of  duration  t0<)  to  tox  is  close  to  1/3  whatever  the  iuposed  current  values 
(figure  2d). 

Ti3*  reduction. 

Concerning  the  reduction  of  Ti3+,  chronopotentiometric  transients  show  that  this 
reduction  effectively  occurs  in  two  successive  steps  (figure  3a).  By  measuring  the 
corresponding  transition  times  and  t2,  we  observe  that  x2  is  about  eight  times  higher 

than  .  This  result  is  in  good  agreement  with  an  exchange  of  one  electron  for  the  first 
reduction  step,  and  of  two  electrons  for  the  second  one  (7a). 

By  using  current  reversal  techniques  (figure  3b),  we  can  prove  the  formation  of 
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soluble  titanium(ll)  species  during  the  first  electrochemical  reaction  followed  by  the 
electrodeposition  of  metallic  titanium.  In  fact,  the  ratio  of  the  reoxidation  transition  time 
tox  to  the  global  reduction  electrolysis  time  trecj  takes  the  value  of  1/3  for  potentials 

ranging  from  -1 .95  to  -2.1 5  V,  and  takes  the  value  0.6  for  potentials  lower  than  -2.3  V.  A 
value  close  to  0.6,  and  not  unity  which  is  generally  observed  for  a  one  step 
electrochemical  deposition,  is  obtained  because  of  the  intermediate  step  leading  to  Ti2+ 
ions. 


3.3.  A.C.  Impedance  measurements. 

The  analysis  of  the  i-E  reduction  curves  performed  above  allowed  us  to  determine 
the  kinetic  characteristics  of  the  electrochemical  reactions  of  the  Ti3+  reduction. 
Concerning  the  Ti3+/Ti(IV)  redox  system,  which  appears  reversible  fran  i-E  oxidation 
curve,  we  haj  to  use  another  technique  for  obtaining  the  corresponding  value  of  the 
intrinsic  rate  constant  and  that  of  the  transfer  coefficient.  Because  of  the  large 
frequency  range  which  can  be  explored,  A.C.  inpedance  measuraients  had  proved  to  be 
the  best  method  for  that  stud/. 

Experimental  data  resulting  from  measurements  performed  at  a  potential  equal  to 
-0.50  V  are  reported  in  the  complex  plane  (Nyquist  plot)  in  figure  4a  and  as  a  function  of 
frequency  (Bode  plots)  in  figures  4b  and  4c.  These  spectra  clearly  show  one  capacitive 
loop  at  high  frequencies  (from  100  to  5  kHz)  and  a  Warburg  behavior  for  frequencies 
ranging  from  5  kHz  to  about  0.1  Hz  (the  phase  angle  tends  towards  -45')-  Below  this  last 
frequency  value,  as  indicated  by  the  Bode  phase  plot  (figure  4c),  we  can  observe  a 
decrease  in  the  phase  angle  due  to  the  thermal  convection  leading  to  a  finite  thickness 
diffusion  layer  i  (already  determined). 

Relying  on  the  results  obtained  by  pulse  techniques,  impedance  spectra  have  been 
computerized  by  using  a  simple  model  involving  two  mass  transfer  steps  (Ti3+  and 
produced  Ti(IV)  diffusions)  and  one  electron  charge  transfer  step.  Simulated  curves  are 
represented  as  solid  lines  in  figures  4.  The  good  fit  obtained  corresponds  to  the  kinetic 
parameter  values  given  in  Table  1,  to  a  double  layer  capacitance  Cd  of  (125  ±  40). 10  ^ 
F.cm'2  and  to  an  electrolyte  resistance  Re  of  (0.08  ±  0.01)  Q  (for  a  working  electrode 
surface  area  equal  to  1  cm2). 


4.  CONCLUSION. 

By  using  both  pulse  and  A.C.  impedance  techniques,  it  was  possible  to  accurately 
determine  the  kinetic  parameters  characterizing  the  mass  and  the  charge  transfers 
occuring,  in  the  electrochemical  oxidation  and  reduction  reactions  of  Ti3+  ions. 

Dahl  et  al.  had  estimated  the  diffusion  coefficient  of  Ti2+  ion  at  723  K  from  their 
study  on  electrodeposition  of  titanium  from  TiC^  solutions  (8).  They  considered  that  this 

diffusion  coefficient  is  in  the  range  of  (1-3)1  O'3  cm2. s'1 .  By  comparing  with  our  work 
we  can  assert  that  the  diffusion  coefficients  of  Ti3+  and  Tr+  are  close  to  each  other. 
Moreover,  we  have  been  able  to  put  a  figure  to  the  effect  of  thermal  convection  by 
determining  the  resulting  thickness  S  of  the  diffusion  layer.  The  value  obtained  is  in  good 
agreement  with  that  which  can  be  estimated  by  using  the  relation  5  =  V2Dt  (7b)  knowing 
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the  value  of  the  diffusion  coefficient  of  Ti2+  and  that  of  the  duration  t  for  which 
steady-state  diffusion  conditions  due  to  thermal  convection  are  reached.  In  fact  from  the 
corresponding  value  of  t  <—  1 0s  )  deduced  from  the  chronoamperometric 

measurements,  we  find  5  =  0.017  ±  0.005  cm. 

Concerning  the  intrinsic  rate  constants  k0  of  the  electrochemical  systems  of 

titanium,  only  the  one  related  to  the  Ti2+/Ti(0)  redox  system  is  available  in  the 
literature.  Haarberg  et  al.  (9)  considered  that  the  electrodeposition  of  titanium  from  Ti2+ 
is  irreversible,  as  we  have  demonstrated  in  this  work.  The  value  of  k0  which  can  be 

calculated  from  their  work  (1.5  lO'^cm'1)  is  very  close  to  ours. 

The  results  described  in  this  paper  complete  those  of  our  previous  work  concerning 
the  thermodynamic  properties  of  titanium  and  its  compounds  with  iron  and  oxygen  (1 ,4). 
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Figure  1  :  a)  i-E  curves  in  the  steady-state  conditions  due  to  thermal  convection 
(concentration  of  Ti3+  =  0.11  mol.kg'1). 

b)  Bilogarithmic  analysis  of  the  oxidation  wave. 

c)  Verification  of  Cottrell's  law  at  a  potential  corresponding  to  the  diffusion 
limiting  current  (point  P  in  figure  la). 
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Figure  2  :  a)  Typical  chronopotentiograms  for  the  oxidation  of  Ti2+  ions  (concentration 

of  these  ions  :  8.1 0'^  mol.kg'1).  Current  densities  :  j  =  29,  33  and  42  mA.cm 

b)  Verification  of  Sand's  law. 

c)  Chronopotentiograms  with  current  reversal,  j  =  62  mA.cm'2. 

d)  Ratio  of  trecj  (transition  time  corresponding  to  the  reduction  of  the  species 
formed  during  electrolysis  of  duration  tQX)  to  Ux  for  various  current  densities 


Figure  3  :  a)  Typical  chronopotentiogram  for  the  reduction  of  Ti3+  into  Ti2+  and  metallic 
titanium  (concentration  of  Ti3+  :  7.5  10'2  mol.kg'1). 

b)  Chronopctentiograms  with  current  reversal  at  potentials  corresponding  to  the 
first  reduction  step  (formation  of  Ti2+  ions)  and  to  the  second  reduction  step 
(leading  to  the  electrodeposition  of  metallic  titanium). 

c)  Variation  of  the  ratio  T0X/trecJ  versus  reversal  potential. 
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Electrochemical 

system 

E'(V) 

ref:  CI7CI2{1  atm) 

*0 

(cm.s’1) 

a 

Ti3+/Ti(IV) 

-  0.44  ±  0.02 

0.2  ±0.1 

0.70  ±  0.05  (ox) 

Ti2+/Ti3+ 

-  1.94  ±0.01 

(2  ±  1)1  O'3 

0.50  ±0.05 

Ti(0)/  Ti2+ 

-  2.05  ±  0.01 

(3  ±  1)1  O'6 

0.60  ±  0.05  (red) 

Table  1  :  Kinetic  characteristics  of  the  different  redox  systems  of 
titanium  in  LiCI-KCi  eutectic  melt  at  743  K. 
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ABSTRACT 

The  large  overpotential  on  carbon  anode  in  fluoride 
melt  is  due  to  a  strong  chemical  interaction  of  discharged 
fluorine  with  carbon,  which  provides  graphite  fluoride  film 
having  an  extremely  low  surface  energy.  When  carbon  anode 
is  somewhat  covered  by  thin  graphite  fluoride  film,  the 
wettability  of  anode  by  electrolyte  decreases  and  anode 
effect  occurs.  Graphite  fluoride  film  is  directly  detected 
by  ESCA.  Graphi t  i  zat  ion  of  carbon  anode  significantly 
affects  the  critical  current  density  for  anode  effect. 

Namely  amorphous  carbon  gives  a  higher  critical  current 
density  than  high  qualify  graphite  because  graphite  fluoride 
film  easily  decomposes  to  fluorocarbon  gases.  Recent  inves¬ 
tigation  has  revealed  that  a  small  amount  of  water  contained 
in  KF2HF  melt  gives  serious  effect  to  the  formation  of 
graphite  fluoride  film  on  carbon  anode.  The  effect  of  LiF 
addition  to  the  melt  first  appears  when  water  content  is 
less  than  0.02%.  The  role  of  LiF  is  the  catalytic  action 
for  fluorine  interca lat ion  in  graphite  to  give  a  highly 
conductive  intercalation  compound. 

INTRODUCTION 

The  study  on  the  mechanism  of  anode  effect  in  fluoride 
melts  had  already  started  at  i"he  end  of  19th  century,  being 
concerned  with  the  electrolytic  production  of  aluminum  metal 
in  cryolite  melt.  The  first  theory  was  that  a  high  resis¬ 
tivity  film  was  formed  on  the  carbon  anode  by  discharge  of 
fluoride  ion(l).  This  is  similar  to  the  passivative  state 
of  metal,  which  was  supported  for  20  years.  However,  it  was 
found  in  1916  that  voltage  increase  is  not  so  high  as  that 
experimentally  observed  when  calculated  from  the  resistivity 
of  the  film.  Second  theory  was  that  gas  film  was  formed 
between  electrode  and  electrolyte  by  vaporization  of  molten 
salt  due  to  to  abnormal  generation  of  Joule  heat ( 2  )  .  This 


view  had  an  advantage  that  anode  effect  was  understandable 
from  charged  gas  bubbles,  surface  tension  of  molten  salt, 
viscosity  ,  density  and  so  on. 

The  authors  proposed  a  new  interpretation  on  the  basis 
of  the  studies  on  wettability  of  carbon  electrode  by  elect¬ 
rolyte  (3)  and  overpotent ia 1  in  fluorine  evolutior  reaction 
(4).  Carbon  anode  reactions  including  anode  effect  .ire  under¬ 
stood  by  the  formation  and  properties  of  graphite  interca¬ 
lation  compound  on  the  anode  surface.  This  paper  summarizes 
carbon  anode  reactions  in  KF2HF  melt. 

RESULTS  AND  DISCUSSION 

1 .  Overpotential  for  the  discharge  reaction  of  fluoride 
ion  on  carbon  electrode 

Two  kinds  of  overpotent ia 1 s  are  always  observed  on 
carbon  anode  reaction  in  KF2HF  melt(Fig.l).  One  increases 
rapidly  as  soon  as  the  circuit  is  closed  (ITy, )  ,  but  another 
increases  slowly  with  time  (ITs  )  .  Tafel  equation  is  appli¬ 
cable  at  a  current  density  less  than  2  Adm”  where  TTy  is 
under  1  V(Fig.2).  However,  7T5  varies  with  time  and  reaches 
such  a  high  potential  at  which  anode  effect  occurs  as  the 
current  density  iicreases.  Fig. 2  shows  thatflyobeys  the 
Tafel  relation,  however,  TTt  is  strongly  dependent  on  the 
crystallinity  of  carbon  electrode,  i.e.  being  different 
between  carbon  and  graphite  electrodes.  Fig.  3  is  the 
variation  of  cell  voltage  and  a  contact  angle  of  electrolyte 
on  anode  as  a  function  of  time.  Variation  of  the  contact 
angle  is  very  large  compared  with  that  of  cell  voltage. 

This  phenomenon  is  interpreted  as  follows.  Discharge  of 
fluoride  ion  on  carbon  electrode  is  qiven  by  equation  (1  ). 

HF"  - *  1/2F2  +  HF  +  e  (1  ) 

nC  +  nllF.. - *  (CF)  +  nHF  +  ne  (2) 

2  n 

However,  (CF)  film  formation  proceeds  at  the  same  time  by 
the  reaction  of  discharged  fluorine  with  carbon.  If  this 
film  has  a  low  surface  energy,  it  becomes  gradually  diffi¬ 
cult  that  carbon  electrode  is  wetted  by  electrolyte.  With 
increasing  contact  angle,  a  real  current  density  also 
significantly  increases,  which  would  facilitate  the  reaction 
of  discharged  fluorine  with  carbon.  The  low  surface  energy 
of  (CF)  is  demonstrated  by  contact  angle  measurement  of 
(CF)n  prepared  by  direct  fluorination  of  graphite  at  a  high 
temperature ( Table  1).  Fig. 4  is  a  cyclic  voltammogram  of 
carbon  electrode  in  KF2HF  melt  containing  a  small  amount  of 
wa.er.  The  solid  line  indicates  the  first  scan,  in  which 
peak  B  shows  the  discharge  of  OH ~  ion(oxygen  evolution)  and 
peak  F  is  the  discharge  of  F  ion( fluorine  evolution).  The 
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dashed  line  is  the  second  scan,  in  which  the  peak  corres¬ 
ponding  to  axygen  evolution  disappears  and  only  fluorine 
evolution  is  observed.  A  shoulder  D  is  observed  only  in  the 
first  scan.  This  has  not  been  clarified  for  a  long  time. 
However,  a  recent  study  suggests  that  peak  D  corresponds  to 
the  formation  of  graphite  oxide  film,  which  is  decomposed 
by  the  attack  of  fluorine.  If  a  low  surface  energy  film  is 
partly  formed  on  the  anode  after  first  scan,  the  surface 
energy  of  anode  might  be  decreased.  This  would  result  in 
the  difficulty  in  water  adsorption  on  anode  surface.  However, 
the  adsorption  of  fluoride  ion  is  possible  because  of  the 
lower  surface  tension  of  HF  than  water.  A  large  overpotential 
observed  on  carboneous  anode  is  thus  understood  by  postula¬ 
ting  a  low  surface  energy  film  on  anode.  Anode  effect  is 
considered  to  be  such  a  state  that  anode  potential  extremely 
increases  with  decrease  in  the  wettability  of  anode  by 
electrolyte.  The  film  on  carbon  anode  cannot  be  detected  by 
X-ray  diffraction  probably  because  it  is  too  thin  to  be 
detected.  (CF)  film  is  confirmed  by  ESCA  measurement.  Fig. 

5  shows  ESCA  spectra  of  pyrolytic  graphite  anode  which  is 
obtained  immediately  after  anode  effect.  C1  peak  around 
288-289  eV  indicates  C-F  covalent  bond  and  another  peak  at 
284.3  eV  corresponds  to  C-C  bond  of  graphite. 

2 .  Several  factors  influencing  anode  effect 

Occurrence  of  anode  effect  is  strongly  affected  by 
crystallinity  of  carbon  anode  and  fluoride  additives.  Fig. 6 
is  the  critical  current  density(the  highest  current  density 
just  before  anode  effect  happens)  as  a  function  of  graphi- 
tization  degree  of  carbon  anode.  Critical  current  density 
remarkably  decreases  when  graph: tizatiun  degree  exceeds 
50%.  This  is  more  clearly  observed  in  the  melt  containing 
NiF2.  Amorphous  carbon  reacts  more  easily  with  fluorine 
than  high  quality  graphite.  However,  since  the  reaction  of 
amorphous  carbon  with  discharged  fluorine  proceeds  more 
faster  than  graphite,  it  produces  fluorocarbons  such  as 
CF^  and  C.Fj,  giving  new  carbon  surface  with  high  roughness. 
On  the  other  hand,  the  reaction  of  graphite  with  fluorine 
gives  a  more  stable  (CF)  film.  This  is  similar  to  the 
behavior  of  layer  plane  and  edge  plane  of  pyrolytic  graphite 
as  shown  in  Fig. 5. 

3 .  Effect  of  a  trace  of  water  and  solid  LiF  on  anode  effect 

LiF  is  often  added  to  the  electrolyte  so  that  fluorine 
evolution  may  be  continued  at  a  high  current  density  .  The 
solubility  of  LiF  in  KF2HF  melt  is  0.6-0. 8  wt%  at  100  °C. 

The  addition  of  LiF  over  the  solubility  gives  a  colloidal 
solution  of  KF2HF  melt,  in  which  the  increase  in  the  elect¬ 
rolytic  current  is  first  observed.  The  impregnation  of  LiF 
in  carbon  electrode  is  more  effective  than  the  addition  of 
LiF  to  the  melt  for  preventing  the  anode  effect.  This  is 


529 


shown  in  Fiq.7,  which  suggests  that  solid  T, i F  acts  at  anode 
/electrolyte  interface. 

The  following  explanation  was  proposed  concerning  the 
role  of  LiF  suspended  in  KF2HF  melt.  Fluorine  gas  bubbles 
having  a  negative  charge  are  strongly  attracted  to  anode 
surface  by  anodic  polarization.  LiF  particles  having  a 
positive  charge  are  adsorbed  onto  the  surface  of  fluorine 
gas  bubbles  at  anode/electrolyte  interface.  Neutralization 
of  the  charges  facilitates  the  separation  of  gas  bubbles 
from  anode  surface(5).  Based  on  this  interpretation,  it  was 
attempted  to  measure  the  potential  of  LiF  particles  in 
liquid  hydrogen  fluoride.  However,  no  potential  was 
detected  by  such  an  experiment ( 6  )  . 

Recently,  a  new  f 1 uori ne -graph  1  to  intercalation 
compound  was  successfully  synthesized  in  the  presence  of 
metal  fluoride  such  as  LiF,  CuF-  or  AgF(7-9).  It  shows  high 
electrical  conductivity  and  stability.  The  intercalated 
fluorine  has  a  nearly  ionic  bond  with  graphite,  and  the 
carbon  layer  is  still  I'Luit  after  intercalation  of 
fluorine.  Based  on  the  formation  of  f 1 uor i ne -graph i te 
intercalation  compound  in  the  presence  of  LiF,  a  new  proposal 
was  given  on  the  role  of  solid  LiF  suspended  in  KF2HF  melt 
or  impregnated  in  carbon  e  1  ect  rode  (  1  0  )  .  It  is  that  the- 
occurrence  of  anode  effect  may  be  suppressed  by  the 
formation  of  graphite  intercalation  compound ( GIC )  which 
gives  a  high  electrical  conductivity  to  carbon  anode  and 
ensures  the  wettability  of  anode  surface  by  electrolyte. 

Fig. 8  is  the  variation  of  anode  potential  under  various 
conditions  as  a  function  of  quantity  of  electricity.  When 
water  content  in  KF2HF  melt  is  relatively  large,  that  is, 
ca .  0.05%,  anode  effecr  occurs  in  a  short  time  compared 
with  the  case  that  water  content  is  less  than  0.02%,  almost 
independently  of  whether  LiF  is  added  to  the  melt  or  not. 
Anode  effect  occurs  only  slightly  later  in  the  melt  con¬ 
taining  3  wt%  LiF.  However,  when  water  content  is  less  than 
0.02%,  the  effect  of  LiF  added  to  the  melt  distinctly 
appears  as  shown  in  Fig. 8.  In  this  case,  it  is  required  that 
addition  of  LiF  is  made  after  water  content  is  decreased  to 
less  than  0.02%  by  preelectrolysis.  When  preelectrolysis  is 
done  after  addition  of  LiF  to  the  melt,  LiF  give  no  effect 
on  the  suppression  of  anode  effect  probably  because  water 
in  the  melt  is  adsorbed  by  LiF  particles.  This  is  supported 
from  the  fact  that  water  content  decreases  from  0.05*  to 
0.03%  by  addition  of  3  wt%  LiF. 

Fig. 9  shows  the  GIC  and  graphite  fluoride  film  formed 
during  electrolysis  under  various  conditions.  In  the  melt 
containing  ca .  0.05%  H^O,  GIC  is  not  formed  but  graphite 
fluoride  film  is  easily  prepared  and  anode  effect  occurs 
by  a  small  quantity  of  electricity. 
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XC  +  2 OH 


■*  C^Oigraphite  oxi.le  film)  +  H^O  +  2e  (3) 

C^O  +  3F  - »  , Flgraphi te  fluoride  film)  +  COF^  +  3e  (4) 

Hoover,  when  water  content  is  less  than  0.02%,  stage  6  and 
4  oIC's  are^formed  even  in  the  melt  without  LiF,  giving  23.7 
A  and  16.2  A  as  the  repeat  distance.  Since  no  LiF  is 
contained  in  the  melt,  this  would  be  due  to  the  electro¬ 
chemical  intercalation  of  HF.,  into  graphite. 

nC  +  HFl  - *  C+HF’I  +  e  (5) 

2  n  2 

The  repeat  distanceid  )  of  this  GIC  is  expressed  as  follows 
as  a  function  of  stage  number,  n. 

d  (A)  =  6.05  +  3.35(n  -  1 )  (6) 

c 

When  LiF  is  added  to  the  melt  containing  a  trace  of  water 
less  than  0.02%,  the  lower  stage  GlCtstaae  3)  is  formed 
without  occurrence  of  anode  effect.  This  would  be  due  to 
the  intercalation  of  fluorine  in  graphite  by  the  catalytic 
action  of  solid  LiF  in  addition  to  the  electrochemical 
a nterca lat ion  of  HF2. 

nC  (7) 

As  the  product  is  a  mixture  of  C  +  HF->  and  C+F  ,  it  1  = 
described  as  CxF(HF)  .  n  1  n  111 

There  are  two  rifles  of  solid  LiF  in  KF2HF  melt.  One  is 
the  adsorption  of  water  in  the  melt  which  contains  a 
relatively  large  amount  of  water.  Water -adsorbed  LiF 
particles  have  no  function  to  suppress  the  occurrence  of 
anode  effect.  The  film  of  adsorbed  water  on  LiF  particles 
would  prevent  the  interaction  of  fluorine  with  LiF.  LiF 
should  be  added  to  the  melt  after  water  content  is  decreased 
by  preelectrolysis.  When  water  content  in  KF2HF  melt  is  less 
than  0.02%,  water  adsorption  by  suspended  LiF  can  be 
neglected  because  the  peak  ratios  for  oxygen  and  fluorine 
evolution  in  cyclic  voltammograms  are  the  sam'"-  before  and 
after  addition  of  LiF  to  the  melt. 

Another  effect  is  the  i nterca la t ion  of  fluorine  in 
graphite  as  indicated  in  equation  (7).  This  appears  when 
water  content  is  small,  less  than  0.02%.  The  reaction  (7) 
occurs  together  with  the  electrochemical  intercalation  of 
HF^  in  graphite,  giving  a  lower  stage  GIC  than  that  formed 
in  the  melt  without  LiF.  The  formation  of  GIC  having  a  high 
electrical  conductivity  would  ensure  the  sufficient 
wettability  of  anode  by  KF2HF  melt. 
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Fig.l  Overpotentials  of  carbon 
anode 


Fig. 2  Relation  between  overpo- 

tential  and  current  density 


0:graphite,  ®:carbori 


Fig. 3  Change  in  cell  voltage  and  contact 
angle  as  a  function  of  time 


Fig. 4  Polarization  curves  of  carbon  anode  in 
KF2HF  melt  at  100°C 
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Binding  energy  (eV) 

Fig.  5  ESCA  spectra  of  pyrolytic  graphite  anodes  im¬ 
mediately  after  the  anode  effect 
I :  Layer-plane, 

II:  edge  plane. 


t  b  1  ^  1  Surface  Free  Energies  Obtained  form  Contact  Angles 


Solid  7/, 'erg  cm‘,#  Surface  Composition 


Graphite  fluoride,  [CF]„  6±3  ^CF  for  basal  plane. 

^CFj,  -CF3  for  edge  plane 

Perfluorododecanoic  acid  10.4  — < CF3 

(on  Pt) 

Poly(hexafluoropropylene) 

Poly(tetranuoroethylene) 


18  0 
19.5 


-CF3.  ^cf2,  kf 
^CF, 


Fig. 8  Variation  of  anode  potential  with  electrolysis 


A, 

HjOSO.OSt  ,LiF:0 

wt%  , 

B,  HjOSO . 05* .LiF: 3  wt% , 

c. 

HaO<0.Q2»,LiF;0 

wt%  , 

D,  HjO<0.02»,LiF:3-6  wtl 

Q  /  C  '  cm'2 

Fig. 9  Stage  number  of  GIC  formed  in  grafoil  anode 

A,  H2O<0.02« ,LiF:0  vt%,  B,  HjOCO . 02« , LiF : 3-5  wtS, 
C,  H2OS0.05l,LiF:0  wt» ,  D,  H jOSO . C 5 1 , LiF : 3  wt* 
G:graphite,  CF:graphite  fluoride  film, 

A. E . : anode  effect 
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ABSTRACT 

Effect  of  a  trace  of  water  on  graphite  anode  reaction 
has  been  investigated  in  the  KF2HF  melt  at  100°C.  Cyclic 
voltammetry  shows  that  with  increasing  water  content  from 
0.01%  to  0.05%,  anode  potential  for  the  formation  of 
graphite  oxide  and  graphite  fluoride  film  on  graphite 
electrode  is  shifted  to  a  lower  potential.  This  would  be 
due  to  the  increase  in  anode  surface  area  by  the  decompo¬ 
sition  of  graphite  oxide  film,  which  is  caused  by  the 
reaction  with  discharged  fluorine. 

When  water  content  is  ca .  0.05%,  anode  effect  occurs 
in  a  short  time,  namely  graphite  fluoride  having  a  low 
surface  energy  is  easily  formed  on  graphite.  However,  when 
it  is  0.01%-0.02%,  stage  4  intercalation  compound  of 
graphite,  C+HF2  is  prepared.  Addition  of  3-6  wt%  LiF  to  the 
KF2HF  melt  Skives  stage  3  CxF(HF)  without  occurrence  of 
anode  effect.  ^ 

INTRODUCTION 

Fluorine  gas  is  generally  produced  by  electrolysis  of 
KF2HF  melt  at  100°C.  It  is  difficult  due  to  anode  effect  to 
electrolyze  KF2HF  melt  at  a  high  current  density.  Anode 
effect  is  caused  by  a  low  surface  energy  of  graphite 
fluoride  film  formed  on  carbon  anode,  i.e.  the  wetta¬ 
bility  of  anode  surface  by  electrolyte  extremely  decreases 
owing  to  the  low  surface  energy  of  graphite  fluoride  film. 
Addition  of  a  metal  fluoride  such  as  LiF  having  a  low  solu¬ 
bility  to  KF2HF  melt  is  effective  for  preventing  anode 
effect.  However,  the  role  of  LiF  suspended  in  the  melt  or 
impregnated  in  anode  has  not  been  clarified  for  a  long  time 

Recently  we  synthesized  a  new  fluorine-graphite  inter¬ 
calation  compound  in  the  presence  of  a  metal  fluoride  such 
as  LiF,  CuF^  or  AgF(1-3).  The  metal  fluoride  is  considered 
to  act  as  a  catalyst  for  fluorine  intercalation  in  graphite 
Among  metal  fluorides  examined,  AgF  shows  the  highest 
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catalytic  ability  because  of  the  strong  chemical  interaction 
with  fluorine  and  the  low  melting  point.  Based  on  the  forma¬ 
tion  of  fluorine-graphite  intercalation  compound,  a  new 
interpretation  was  proposed  on  the  role  of  solid  LiF(4).  It 
is  that  the  occurrence  of  anode  effect  may  be  suppressed  by 
the  formation  of  graphite  intercalation  compound ( GIC )  which 
gives  a  high  electrical  conductivity  to  carbon  anode  and 
ensures  the  wettability  of  anode  surface  by  electrolyte. 
Recent  invest igat ion  on  this  problem  has  revealed  that  not 
only  LiF  but  also  a  trace  of  water  contained  in  the  melt 
give  serious  effects  to  graphite  anode  reaction(5).  In  this 
paper,  we  report  the  effect  of  a  trace  of  water  on  graphite 
anode  reaction  and  intercalation  of  fluorine  in  graphite  in 
the  KF2HF  melt . 


EXPERIMENTAL 

The  electrolytic  cell  is  made  of  polytetraf luoroethylene 
and  polytrif 1 uoroch loroe t hy 1  one .  Working  electrode  and 
counter  electrode  are  gra  f  o  1 1  ( graphi  t  e  sheet,  35X6  nm  )  and 
nickel  plate  with  a  large  surface  area,  respectively. 
Reference  electrode  is  Pt  wire.  Fluorine  evolution  is  made 
by  cyclic  voltammetry  and  ga lvanostat ic  electrolysis  at  33 
mAcm  .  The  water  content  in  the  melt  was  estimated  by  the 
same  method  reported  previous  1 y ( 5  )  .  After  electrolysis, 
graphite  anode  was  analyzed  by  X-ray  d i f f ractometry . 

RESULTS  AND  DISCUSSION 

1 .  Effect  of  a  trace  of  water  on  the  anode  reaction 

Fig. 1  shows  the  cyclic  vol  tammograrns  for  graphite  anode 
in  the  KF2HF  melts  containing  different  amounts  of  water. 

All  the  vol tammograrns  were  obtained  at  first  scan.  It  has 
been  pointed  out  in  a  previous  paper (5)  that  a  small  amount, 
of  water  (less  than  C . 1 %) s igni f icant ly  influences  the  fluorine 
evolution  reaction  on  graphite  anode.  It  is  known  that  peak 
A  corresponds  to  oxygen  evolution  reaction  by  electrolysis 
of  water  contained  in  the  melt. 

Peak  A:  20H-  - >  1 /2C>2  +  H20  *  2e  (1) 

With  decreasing  water  content  from  0.05%  to  0.01%,  the 
intensity  of  peak  A  decreases.  Peak  A  disappears  after  2nd 
scan  because  the  wettability  of  anode  by  electrolyte 
decreases  due  to  graphite  fluoride  prepared  at  1st  scan. 

Peaks  B  and  C,  however,  move  to  higher  potentials  with 
decreasing  water  content.  Peak  B,  observed  as  a  shoulder  in 
most  cases,  also  disappears  after  2nd  scan.  This  has  not 
been  identified  for  a  long  time.  When  the  water  content  is 
relatively  large,  anode  effect  immediately  occurs,  i.c. 
graphite  fluoride  is  easily  prepared  on  graphite  anode(5). 
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It  has  been  also  found  that  graphite  oxide  is  easily  fluo- 
rinated  to  be  graphite  fluoride  at  100-200°C  because 
graphite  oxide  is  more  unstable  than  fluoride.  From  these 
facts,  peak  B  would  be  the  formation  of  graphite  oxide  on 
the  anode  surface. 

Peak  B:  xC  +  20H  - *  C  CHgraphite  oxide  film) 

X  +  H 20  +  2e  (2) 

Graphite  oxide  has  a  covalent  bond  as  well  as  graphite 
fluoride,  therefore  it  is  an  electric  insulator.  After  peak 
B,  since  fluorine  evolution  occurs  vigorously,  graphite 
oxide  is  attacked  by  discharged  fluorine,  which  would  give 
the  anode  more  active  and  larger  surface  than  that  of 
pristine  graphite.  This  facilitates  the  reaction  of  graphite 
anode  with  discharged  fluorine,  i.e.  the  formation  of 
graphite  fluoride  film.  Thus  the  following  reactions  would 
occur  between  peak  B  and  peak  C. 

F" - *1  / 2F2  +  e  i  3  ) 

Cx0  +  2F* - >  x  '  C  +  COF2  +  2e  (4) 

x'C  +  F"  - »  Cx , F( graphi te  fluoride  film)  +  e  (5) 

Therefore  with  increasing  water  content,  the  formation  of 
graphite  oxide  and  graphite  fluoride  are  both  accelerated. 
This  would  be  the  reason  why  the  peaks  B  and  C  are  shifted 
to  higher  potentials  with  decreasing  water  content. 

2 .  Intercalation  of  fluorine  in  graphite 

When  water  content  in  the  melt  is  ca .  0.05*,  anode 
effect  occurs  in  a  slior t  time,  i.e.  anode  surface  is 
covered  with  graphite  fluoride  at  least  to  some  extent 
without  formation  of  ionic  i ntercalat ion  compound  of 
graphite.  This  is  almost  the  same  even  when  LiF  is  added 
to  the  melt (4).  However,  with  decreasing  water  content, 

GIC  having  an  ionic  bond  is  prepared  eiectrochemica 1 ly 
while  the  formation  of  graphite  fluoride  becomes  difficult. 

nC  +  HF:  - »  C  +  HFl  +  e  (6) 

c  n  2 

Fig. 2  is  the  X-ray  diffraction  patterns  of  pristine  grafoil 
and  GIC's  prepared  in  KF2HF  melt  containing  0.01-0.02% 
water.-  GIC  formed  was  a  mixture  of  stage  4-6  till  100 
C-cm  (Fig. 2  (C)  ( D ) ) ,  after  which  stage  4  GIC  was  observed 
until  anode  effect  occurred ( Fig . 2  (E)  (F)),  though  the 

crystallinity  of  GIC  increased  as  shown  in  the  figure.  On 
the  other  hand,  when  LiF  was  added  to  the  melt  by  3-6  wt%, 
intercalation  of  fluorine  was  considerably  accelerated 
without  occurrence  of  anode  effect.  This  is  due  to  the 
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catalytic  intercalation  of  fluorine  in  graphite  by  sclid 
LiF  suspended  in  the  melt  as  reported  previously ( 5 )  . 

nC  +  F  — — - »  C  +  F~  (7) 

n 

GIC  of  stage  4+5_^as  first  formed  and  stage  number  remained 
4  till  1 0 0 g  C*cm  .  When  quantity  of  electricity  reached 
3000  C*cm  ,  stage  3  GIC  became  a  main  component.  Fig. 3  (G) 
shows  the  typical  stage  3  GIC  obtained  at  4000  C  cm"  . 
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Anode  potential/ V 


Fig.1  Cyclic  voltammograms  for  graphite 
anode  in  KF2HF  melt 

Water  content :( a  )  0 . 05% ,  (b)0.03%r 

(c)0.(m 

Scan  rate: 10  mV/sec 
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Fig. 3  Change  in  X-ray  diffraction  patterns 
obtained  in  the  melt  containing  0.01 
-0.02%  water  and  3-6  wt%  LiF  as  a 
function  of  quantity  of  electricity 

Quantity  of  electr ici tv ( C • cm ~2 ) : ( A  )  20 , 

( B ) 60 ,  (C)IOO,  ( D) 200 ,  ( E ) 400 ,  ( F ) 1 000 , 
(04000 
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ABSTRACT 

Liu-  electron  transfer  for  fluorine  evolution  reaction  on  carbon  anodes  tale- 
place  through  a  nurt-honioeeneous  film  of  solid  graphite  fluoride.  1  he  deep  lasers  are 
characterized  In  a  gor'd  electrical  conductivity  whereas  the  external  lasers  constitute  a 
thin  insulating  film  which  acts  a-  an  energy  barrier  through  which  the  current  flows  by 
tunnel  effect  I  lie  consequence  is  that  vers  low  values  are  found  for  the  R  transfer 
coefficient  Chronopotentiometrv  experiments  confirm  the  existence  of  two  kind-  of 
Cl  .  depending  on  the  potential  of  the  working  electrode.  The  reveisibiiitv  of  the 
icrlox  sv-tem  I  disclosed  .  then,  the  behavior  of  the  Cl  formed  on  graphite  and 
carbon  anodes  in  the  fill  -RI  melt  is  interpreted  by  an  electrochemical  formation 
reaction  coupled  with  both  diffusion  and  thermal  decomposition  processes. 

INTRODL  CHON 

fluorine  i-  produced  by  the  electrolytic  decomposin' m  of  molten  anhydimi- 
fill  K  I  .  according  to  the  equation  . 

f  III  iliqi  -->  lls  (el  +  I  s  tea  |  i  ] 

Xlthough  it  doe-  not  appear  in  this  equation,  the  nature  of  the  anodic  material  ha-  a 
great  influence  on  the  overall  mechanism  In  all  industrial  cells,  the  evolution  of 
fluorine  lakes  place  on  graphite-free  carbon  anodes  at  about  1(10  C  I  he 
thermodynamic  potential  of  decomposition  of  HI  was  demonstrated  to  be  equal  i 
.’ .00  taking  into  account  the  activity  of  111  in  the  melt  ill.  Ilowevei.  a  voltage  I 
s  l"  If  volts  is  necessary  in  order  to  obtain  the  working  current  den-itv  i  -  P 
t"  I  >  A  dm"-.  About  a  v  "It-  ate  required  to  oveicome  bath  ie-i'tivit\  ,md  m<  le  than  1 
volt-  Correspond  to  the  electrode  overvoltage.  It  result'  a  pom  energv  efficiency  and  a 
Considerable  quantity  of  heat  needing  to  be  eliminated  .  neatly  isii.i'qn  joule'  per  limn 
for  an  output  of  4  kg.  of  fluorine  i.'i. 


Since  other  electrolytes  which  have  higher  conductivity  tsucli  as  Nlljl  nlll  melts) 
generate  more  corrosion,  it  seems  that  progress  can  he  obtained  in  lowering  the  anodic 
overvoltage  by  a  better  understanding  of  the  overall  electrochemical  mecham-m 
It  has  been  shown  (I)  that  the  thermodynamic  potential  of  decomposition  of  III 

leading  to  the  formation  of  a  layer  of  solid  graphite  fluoride  (I  on  the  anode  seiface 

is  equal  to  I  45  V  whereas  the  fluorine  evolution  reaction  only  occurs  at  .’on  \ 

II vperimenlal  evidence  of  the  formation  of  graphite  fluoride,  slatting  at  .  X  versus  a 
platinum  reference  electrode,  was  given  by  H.S.C  A  measurements  perform'  d  by 
Professor  N.  Waianalv  and  co-workers  (ai.  and  1".  mass-spcctioineti  y  e\pei  intent' 
performed  in  our  laboratory  (4). 

Xmong  the  properties  of  graphite  fluoride,  we  must  lust  consider  the  suif.ue 

propel  ties  :  graphite  fluoride  lias  a  very  low  suiface  energy  .  -o.  the  carbon  in  I 

covered  with  (  I  are  11.4  "wetted"  by  the  melt  ;  it  means  that  the  contact  angle  at  the 
electrode  electrolyte  interface  is  high,  and  thus  the  fluorine  bubbles  are  lenticular  an  I 
adherent  to  the  electrode.  In  consequence,  the  electroactive  suiface  a  the  anode  1- 
small  since  the  gaseous  layer  acts  as  a  very  insulating  bnniei  One  may  partially  "ho 
this  problem  by  using  porous  carbons  for  which  the  evolution  of  the  gas  take'  pta-" 
through  the  matrix  of  the  electrode  :  the  fragility  may  be  avoided  by  using  .•■■mi'"  da 
anodes  which  comprise  a  cylinder  of  dense  carbon  covered  with  a  layer  of  p.  r.  .1 
carbon  is). 

Mow.  lei  ns  consider  the  electrical  properties  of  graphite  fluoride  .  the  electrical 
conductivity  strongly  depends  on  the  stoichiometry  of  the  compound  .  l  a  example. 
Bartlett  and  co-workers  ((>>  have  shown  that  the  conductivity  is  divided  In  lu  when  v 
increases  from  0.5  to  0.5.  XX  hen  v  is  greater  than  0.5.  the  Compound  max  be  Coii-ideied 
as  an  insulator  Dae  to  its  insulating  properties,  the  C  l  film  .uts  as  a  high  potential 
barrier, which  is  responsible  for  the  large  energy  loss  m  the  election  transfei  reaction  at 
the  interface  It  has  been  suggested  that  the  discharge  "f  flu- -tide  ion-,  leadme  !•■ 
fluorine  evolution,  involves  electron  tunneling  across  (go  pas-iv.ning  film  *  ".Si  I  he 

main  characteristics  of  such  a  process  are  recalled  in  the  nevt  paragraph,  a-  wall  1 

experimental  results  which  support  this  hypothesis. 

X1K  NANISM  Ol  I  I  KC"I  ROM  TRANSKFR  IIX  II  MM  I  I  UK  I 

Ihe  general  aspects  of  the  ( iuiney  -  C  iei ocher  theory  hive  la  an  i  •.■■.  :ew  ed  m 

reference  -)  In  this  theory.  an  electrochemical  oxidation  re.uttor  ■  ti-a.itad  as  ,ri 


elastic  tunnel  transition  of  the  electron  from  an  occupied  level  in  the  electrolyte  to  an 
unoccupied  term  in  the  other  phase,  i.e.,the  conduction  band  of  the  metallic  anode  for 
example.  It  is  important  to  bear  in  mind  that  the  intensity  of  the  current  strongly 
depends  on  the  thickness  J  of  the  insulating  layer  since  the  probability  If  of  the 
quantum-mechanical  tunnel  transition  is  expressed  as  follows  : 

W(d,E)  -  exp  [  -4  v.d  ( 2mE)i  ,/h  )  [2] 

where  E  is  the  mean  height  of  the  potential  barrier  and  m  the  electron  mass. 

Gerisher  (10)  has  shown  that  the  expression  of  the  current  may  be  simplified  as 
follows  : 

I  -  l0  [  exp  B-.F-RT  -  exp -(l-B)-iF'RT  ]  [3] 

where  q  is  the  overpotential. 

A  simple  law  identical  to  Tafel's  law  is  obtained,  but  its  meaning  is  quite 
different  ;  the  (3  coefficient  may  be  much  lower  than  0.5 

In  Table  1.  we  haxe  reported  experimental  values  of  the  transfer  coefficient  B. 
calculated  from  classical  steady -state  current-potential  curves  (13.14)  or  from  potential 
decay  curves  (7.11,12),  following  the  method  deseloped  by  Busing  et  al .( 15).  We  base 
determined  B  from  this  last  method  for  graphite-free  carbon  C205  electrodes  produced 
by  Le  Carbone  Lorraine.  It  consists  in  applying  a  long  galvanostatic  pulse  to  the 
electrode  ;  the  decreasing  potential  immediately  following  an  interruption  in  the  circuit 
is  recorded  ;  B  is  extracted  from  the  slopes  b  =  -  2.3RT  BF  of  the  linear  diagrams 
E  =  fdog  t).  It  depends  on  the  anodic  material  and  on  the  final  value  of  the  potential 
Er.  obtained  at  the  end  of  the  gaKanostatic  oxidation  step.  We  think  that  only  the 
electrochemical  CFX  formation  reaction  occurs,  but  not  the  evolution  of  fluorine  when 
E  <  4V.  This  explains  the  differences  between  the  results  obtained  for  the  same 
electrodes  by  ourself  and  (13)  on  one  hand  (B  <  0.14  if  E  >  4  V)  and  by  (12)  and  (14) 
on  the  other  hand  IB  >  0.21  if  E  <  4  V)  It  may  be  noticed  that  all  the  values  obtained 
for  the  fluorine  evolution  retction  are  consistent  with  the  electron  tunneling  mechanism 
since  they  are  generally  muck  lower  than  0.5. 

We  have  mentioned  that,  for  a  tunnel  effect  process,  the  probability  of  electron 
transfer  depends  on  the  thickness  and  the  height  of  the  potential  barrier.  Therefore,  it 
is  important  to  study  the  characteristics  of  the  CF^  layers,  in  relation  to  the  electrode 
material,  the  operating  voltage,  the  electrolyte  composition,  and  so  on. 
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ELECTRICAL  PROPERTIES  OF  CFx  LAYERS  ON  CARBON  ANODES 

In  a  previous  paper,  we  showed  that  the  capacitance  of  the  interface 
anode/electrolyte  decreases  very  sharply  in  the  2HF-KF  melt,  in  consequence  of  the 
increase  of  the  thickness  of  insulating  CFX  layers  (16).  Cyclic  voltammetry  is  also  a 
convenient  technique  for  investigating  the  electrochemical  behavior  of  different  kinds 
of  carbonaceous  anodes  (I).  Further  quantitative  investigations  have  led  to  the 
conclusion  that  the  passivation  of  carbon  or  graphite  in  the  fluoride  melt  obeys  the  law 
of  formation  of  a  low-conducting  film  under  ohmic-resistance  control  (17). 

The  shape  of  the  voltammograms  obtained  with  graphite  is  very  typical  :  for 
small  values  of  E,  /  =  ((E)  is  a  straight  line  ;  for  increasing  values  of  E.  the  curse 
deviates  from  the  linear  behavior  ;  after  the  current  peak.  /  decreases  sha.ply  as  the 
degree  of  coverage  tends  to  I.  As  expected,  the  magnitude  of  the  current  peak  and  the 
corresponding  potential  increase  linearly  with  the  square  root  of  the  potential  sweep 
rate  (v).  The  charge  Qa  required  to  cover  the  whole  surface  area  may  be  calculated  by 
integrating  the  /  vs  E  curves.  It  depends  on  v  :  larger  values  of  Qa  are  obtained  for 
slow  sweep  rates.  Values  as  large  as  0.3  coulomb  may  be  found  for  scans  performed  at 
v  =  0.4  V  s'1  with  G208  graphite  produced  by  Le  Carbone  Lorraine,  corresponding  to 
thicknesses  about  one  micrometer,  on  the  assumption  that  a  homogeneous  film  of 
carbon-monofluoride  (CF)n  is  formed.  These  too  large  values  are  not  compatible  with 
the  classical  theory  of  the  tunnel  effect  since  the  overpotential  derived  from  Eq.  [2] 
would  be  extremely  high.  However,  our  results  may  be  interpreted  if  we  consider  that 
the  electrodes  are  covered  with  a  non-homogeneous  film  (18)  in  which  the  deep  layers 
should  be  characterized  by  a  good  electrical  conductivity,  i.e.,  a  stoichiometric 
coefficient  x  lower  than  0.4,  and  a  thickness  being  about  one  micrometer.  Then,  the 
external  layers  should  constitute  the  thin  dielectric  film,  a  few  angstroms  thick, 
through  which  the  current  flows  by  tunneling  effect.  Th.s  hypothesis  of  a  non- 
homogeneous  film  of  CFX  has  been  proposed  by  other  authors  studying  the  anode 
overvoltage  in  fluorine  cells  (19). 

For  graphite-free  carbon  electrodes,  the  quantity  of  passivating  compounds  is  at 
least  divided  by  ten  ;  thus,  quantitative  investigations  are  more  difficult  to  perform  and 
experiments  must  be  carried  out  in  a  pure  electrolyte  free  of  oxidable  impurities  such 
as  water  which  give  residual  currents  needing  to  be  taken  into  account 
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Clironopotentiomctric  behavior  of  graphite  and  carbon  anodes 

C’hronopotentiometrv  experiments  confirm  that  it  is  necessary  to  distinguish  the 
formation  of  sex  oral  kinds  of  O  compounds,  depending  on  the  final  potential  t. , 
reached  bv  the  working  electrode  at  the  end  of  the  oxidation  pulse. 

We  present  hereafter  the  results  obtained  with  G208  graphite  : 

l)  if  Ef  remains  lower  than  2.2  volts  during  the  oxidation  step,  the  compound 
max  be  easiix  reduced  by  means  of  a  reverse  electrochemical  pulse  (figure  1)  The 
uncompensated  resistance  R.(  between  the  working  electrode  and  the  reference 
electrode  includes  the  resistance  of  the  electrolyte,  negligible  in  our  case,  and  the 
resistance  of  the  passivating  Inver.  NS  hen  the  current  is  reversed,  one  can  notice  a 
negligible  ohmic  drop  lR[r  proving  that  the  Cl  x  previous!)  formed  has  a  high 
etecirical  conduc'iv  it v  -\  cathodic  transition  time  *  .  is  observed  on  the 
.•hmnupuienti'ij;rum  when  the  reduction  of  the  compound  is  achieved  After  (hi- 
procevp  huirngen  evolution  occur-. 

I  he  revervibilitv  of  the  re.lox  >vstem  leads  u--  to  a-"-ume  that  the  coiniuctint; 
flii'-rinatevl  comp-'tind  mav  ourevpond  to  the  graphite  intercalation  c--mp--und 
C '  UK  chemicallv  prepared  bv  other  authors  t(O0i  However,  as  shown  in  the  fit-i 
part  .-f  fable  2.  the  charae  Q.  used  during  the  t eduction  step  tQ.  =  •  l.i  is  alwa\« 

A.  v.  C 

smaller  than  the  charge  Q#l  consumed  during  the  oxidation  step  'Q.j  =  t.J^i  In  addition, 
the  ratio  (,)  Q.^  increases  for  consecutive  identical  experiments  with  the  same  electrode 

'.simple  1). 

2 1  when  verv  long  oxidation  steps  at  low  current  or  larger  intensity  pubes  are 
imposed  to  the  electrode  (figure  2).  a  sudden  increase  of  the  potential  C  observed  aftei 
a  transition  time  ’  We  assume  that  this  phenomenon  corresponds  to  the  irroveisibk- 
f--rmation  rf  a  second  kind  of  graphite  fluoti-b'.  accoiding  to  I  quati  -n  |4] 

(  I  x  -  i  x '  -  x  )  I  =  (  I  x-  *  1  x '  -  \  1  e'  [  41 

After  the  transition  time,  the  evolution  of  fluorin-  max  also  begin  t«<  occur  since  !  . 
reaches  values  greater  than  4  volts.  I  he  verv  large  value  ■!  the  ohmic  drop  observe! 
when  the  vinifiii  N  reversed  pr««ve>  that  the  new  compo-  .1  acts  as  an  insu!nt"i  .  it 
cannot  be  reduced  easilv  and  the  evolution  of  hvdrngen  immediate!)  takes  place  during 
the  cathodic  pulse. 

Ihe  charge  Q  needed  to  “saturate"  the  whole  electrode  with  the  first  kind  i.f 
(!  v  (O.j  ~  '.jl.j/  decreases  w  hem  mcrei^es  as  >hi-wn  in  the  ss.v-.nd  pan  "t  I  able  2 

a  )'i 


(samples  2-5).  These  values  are  in  good  agreement  with  those  obtained  ftom  cvciic 
voltammetry  experiments. 

For  graphite-free  carbon  electrodes,  a  quantitative  interpretation  of  the 
experiments  is  more  difficult.  Instead  of  a  reversible  redox  behavior,  a  more  rapid 
increase  of  the  potential,  attributed  to  a  continuous  variation  of  the  stoechiumelric 
coefficient  x.  is  observed.  After  the  ohmic  drop,  it  is  scarcely  possible  to  reduce  the 
C’F  compounds  even  when  thev  are  formed  at  about  4  volts.  See  figure  ?  (C205 
carbon  -  Le  Carbone  lorraine)  and  figure  4  (vitreous  carbon  V25  -  le  Carbone 
Lorraine). 

Discussion 

It  is  obvious  that  the  hexagonal  structure  of  graphite  allows  the  formation  of 
large  quantities  of  intercalation  compounds.  When  the  potential  is  made  m«>re  anodic, 
they  are  partially  transformed  into  insulating  perfluorinated  CF:x  ;  the  consequence  is 
that  graphite  is  not  a  suitable  material  for  fluorine-cell  anodes.  On  the  other  hand, 
graphite-free  carbons  have  an  amorphous  structure, which  does  not  allow  the  formati-m 
of  thick  layers  of  insulating  compounds  ;  as  a  matter  of  fact,  the  electron  transfer  in 
the  fluorine  evolution  reaction  bv  tunneling  process  i>;  easier.  With  vitreous  carbon.  Q 
values  are  very  small  and  partial  reduction  of  the  C  l  s  is  observed.  However,  the 
material  completely.  lacks  porosity  and  passivation  bv  fluorine  bubble'  make-'  it 
unsuitable  for  further  studies  (see  Introduction). 

Several  hypothesis  max  be  proposed  to  explain  the  ovido-reduction  behavior  -4" 
the  Cl:x  compounds  of  the  first  kind  especiallv  the  value  of  the  ratio  o  for  the 
experiments  reported  in  Table  2  : 

(i)  a  fraction  of  the  oxidation  current  is  used  by  side  reactions  :  evolution  of  fluorine, 
evolution  of  c'xvgen  or  oxvgen  fluoride  due  to  the  oxidation  of  trace'  of  moisture  in 
the  melt.  However,  in  nighlv  purified  electrolytes  the  concentration  of  water  is  too  low 
to  support  this  idea,  and  for  the  investigated  potentials  lower  than  4  volt'  the 
e\i  lution  of  fluorine  does  not  take  place. 

lii)  the  reduction  of  C'l  x  i>  an  incomplete  process  and  all  the  carbon  active  sites  cann-a 
be  restored  especially  those  which  have  been  perfluorinated  ( 4 j .  It  i'  often  "b'erv^d 
that  the  reversibility  is  obeyed  for  active  materials  used  in  electrochemical  ceneraiot>  if 
the  compounds  are  non-stoichiometric  .  if  the  sto  chiometrv  i'  reached,  irrev ei'ible 
oxidation  transformations  occur. 


(iii)  a  consumption  reaction  of  the  passivating  compound  is  coupled  with  the 
electrochemical  process  ;  in  a  previous  paper  (16),  devoted  to  the  interpretation  of 
cyclic  voltammetry  experiments  with  graphite  electrodes,  we  concluded  that  thermal 
decomposition  of  CFX  according  to  Equation  [5]  must  be  taken  into  account  : 

CFX  -->  a(  C  +  a,  CF4  +  a4  C-,F&  +  ...  [5] 

This  hypothesis  is  supported  by  the  results  of  the  analysis  of  the  anodic  gases  evolved 
from  laboratory  or  industrial  cells  :  trace  amounts  of  gaseous  fluorocarbons  are  always 
present  even  at  low  potentials  for  which  the  evolution  of  fluorine  does  not  occur, 
showing  that  these  gases  do  not  result  from  the  combustion  of  the  carbon  electrode 
with  elemental  fluorine  (4).  We  have  developed  a  theoretical  model  including  the 
electrochemical  growth  of  an  insulating  layer  under  ohmic  resistance  control  coupled 
with  a  first  order  decomposition  of  the  passivating  compound  ;  it  gives  a  quantitative 
interpretation  of  voltammograms  and  chronopotentiograms  but  leads  to  too  large  values 
of  the  first  order  rate  constant  when  it  is  applied  to  graphite  electrodes  :  for  example, 
k  =  0.05  s  1  for  the  experiment  presented  in  figure  1.  This  means  that  thermal 
decomposition  must  be  taken  into  account,  but  it  is  not  the  major  phenomenon. 

(iv)  if.  during  the  anodic  pulse  at  low  potentials,  slow  diffusion  of  the  fluorinated 
intercalation  compound  occurs  in  the  matrix  of  the  graphite  electrode,  one  may 
understand  that  Qc/Qa  is  always  lower  than  I  since  the  electroactive  species  have 
diffused  too  far  in  the  matrix  of  the  electrode  to  be  reduced  entirely.  In  the  scope  of 
this  hypothesis,  increasing  values  of  Qc'Qa  are  obtained  for  consecutive  oxido- 
reduction  cycles  as  well  as  smaller  values  of  Qa  for  increasing  values  of  la  (or  high 
sweep  rates  in  cyclic  voltammetry)  .  for  slow  experiments.  Qa  is  more  important 
because  the  compound  may  diffuse  deeper  in  the  matrix  of  the  electrode.  On  the  other 
hand  when  Ig  increases,  the  final  value  of  the  potential  E j  increases,  leading  to  the 
formation  of  perfluorinated  compounds  more  and  more  difficult  to  reduce  :  this  met  ns 
that  Q~/Qa  decreases  for  the  experiments  reported  in  Table  2  (samples  2-5). 

CONCLUSION 

Previous  results  lead  to  the  conclusion  that,  during  the  fluorine  evolution,  the 
carbon  electrodes  are  covered  with  a  non-homogeneous  film  of  graphite  fluoride.  The 
deep  layers  (thickness  greater  than  one  hundred  angstroms),  which  are  directly  in 
contact  with  the  carbon  matrix  are  characterized  by  a  high  electrical  conductiv  ity  .  The 
external  layers  form  a  thin  dielectric  film,  a  few  angstroms  hick,  through  which  the 
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current  flows  by  tunnel  effect.  This  solid  compound  acts  as  a  high  potential  barrier  and 
is  responsible  for  the  large  energy  loss  in  the  electrochemical  process,  but  its  presence 
is  effective  to  prevent  the  combustion  of  the  carbon  electrode  in  contact  with  elemental 
fluorine. 

We  think  that  the  oxido-reduction  behavior  of  the  CFX  formed  on  graphite 
anodes  in  the  2HF-KF  melt  may  be  interpreted  by  an  electrochemical  formation 
reaction  coupled  with  both  diffusion  and  thermal  decomposition  processes. 

A  better  comprehension  of  the  fundamental  phenomenon  of  electron  transfer  b> 
tunnel  effect  is  necessary  in  order  to  find  the  most  suitable  anodic  material  which  will 
make  this  transfer  easier  and  thus  contribute  to  lower  the  energy  consumption  during 
the  fluorine  production  process. 
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Electrolyte 

Temperature 

anodic  material 

(3 

Ref. 

(K) 

K.F  0.7  M  in 

273 

nickel,  E<4V 

0.068 

(7) 

anhydrous  HF 

nickel,  E>4V 

0.043 

HF-K.F 

525 

carbon,  graphite 

0.18 

(11) 

2HF-K.F 

373 

carbon,  Id  A/dm2 

0.225 

(12) 

graphite 

0.21 

platinum,  l<2A/dm2 

0  23 

2HF-K.F 

354 

carbon,  E<4.5V 

0.10 

(13) 

carbon,  E>4.5V 

0.14 

carbon  with  a 
shielded  top 

0.14 

2HF-K.F 

357 

carbon  C205  LCI- 
E<4  V,  Id  A/dm2 

0.27 

(14) 

2HF-KF 

357 

carbon  C205  LCL 

E(  =  4.2V 

Ef  =  4.4V 

Ej  =  5.9V 

0.080 

this 

0.060 

0.077 

work 

Table  1  :  Transfer 

Coefficient  B  for  the  F'/F->  System 

(i)  For  ref .(11),  average  value  of  (5  for  carbon  and  graphite  electrodes 

(ii)  reference  electrodes  :  graphite  (11),  Cu/'CuF-,  (7).  C-H-, 

(12).  Pd-H, 

(13),  Pt-H; 

for  (14)  and  for  this  work. 

(iii)  E,  is  the  potential  reached  by  the 

electrode  at  the  end  of  the  galvanostatic  pulse. 

prior  (o  the  interruption  in  the  circuit. 

Electrode 

E/ 

■a 

'a 

t  a 

QSl 

•c 

Tc 

Qc  Qa 

sample 

(V) 

(mA) 

(s) 

(s) 

(mO 

(mA) 

(<0 

1 

2.00 

2 

20 

40 

1 

10 

0.25 

1 

2.02 

2 

20 

- 

40 

1 

14 

0.35 

1 

2.06 

2 

20 

- 

40 

•> 

1 1 

0.55 

2 

3.9 

2 

_ 

2100 

4200 

231 

0.1  10 

3 

4.3 

6 

- 

570 

3420 

6 

48 

0.084 

4 

4.48 

8 

- 

360 

2880 

8 

21 

0.058 

5 

4.5 

10 

- 

245 

2450 

10 

12 

0.049 

Table  2  :  Galvanostatic  Experiments  on  G208  LCL  Graphite  Electrodes 

(S  = 

"1 

1  cm") 

Qa  =  i  t  for  the  three  consecutive  experiments  with  sample  1 
0,  =  Lt,  for  the  experiments  with  samples  2-5 

a  3  3 

Qc  =  c  Tc 
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reaction  on  fully  and  partially  immersed  electrodes  in 
molten  chloride  and  carbonate  have  been  studied  with 
galvanostat i c  double  pulse  and  a.c.  impedance  methods. 

Emphasis  was  placed  on  the  kinetics  at  the 

three  phase  boundary. 


EXPERIMENTAL 

Electrode  Working  electrodes  (Pt.  Au  and  Pd)  for  NaCl- 
KC1  melt  were  prepared  by  sealing  platinum,  gold  and 
palladium  wires  5xl0~  m  in  diameter  into  a  pyrex  tube, 
which  were  inserted  into  an  alumina  tube.  The  gap  between 
glass  and  alumina  tubes  was  clogged  with  alumina  or 
zirconia  cements  in  order  to  minimize  the  contact  of  pyrex 
glass  with  the  melts.  The  electrode  was  polished  with 
emery  paper  It  1500  and  washed  with  methanol.  A  Au 
electrode  prepared  by  casting  Au  wire  into  an  alumina  tube 
(1.0x10  m  in  inner  diameter)  was  also  used  in  Na,C0„- 
KoC03  melt.  All  the  electrodes  were  fixed  into  an  altlmitla 
stem  wh  i  ch  wasfixed+to  a  silicon  rubber  Stopper.  The  reference 
electrode  was  Ag/Ag  (0.05  m.f.)  electrode  (NaCl-KCl  melt) 
and  Ag/Ag  (0.1  m.f.)  electrode  ( Na.?C0..-K ,C03  melt)  with 

a  mullite  membrane.  Electrode  potentials  art  referred  to  the 
Ag/Ag+(0.05)  and  Ag/Ag  (0.1)  electrodes. 

Apparatus  Experimental  cell  was  an  alumina  cylinder 
which  was  placed  at  the  center  of  the  furnace. 

Temperature  was  kept  at  1023  ±  3K except  as  otherwise  noted 
The  partial  pressure  of  0.,.  C0„  and  Ar  was  controlled  by 
the  ratio  of  the  flow  rates  of  these  gases.  The  mixture  of 
Ar-09  gas  was  dried  through  silica  gel.  CaCl  ,  and  P90,-,and 
C0„  gas  through  P205-  “  z  3 

Polarization  cyrye|  Measurement  of  current -pot ent i a  1 
curves  was  made  with  an  electronic  potent iostat  using  a 
potential  sweep  of  1x10  V-s 

Gsiyanostatic  double  pulse  method  The  double  pulse 
method  consists  of  polarizing  the  electrode  by  two 
consecutive  rectangular  pulses.  The  first  pulse  current. 

1.  is  chosen  so  that  the  derivative  of  the  potential  is 
z4ro  at  its  end  and  n  is  the  overpotential  for  charge 
transfer  correspond! nguto  the  second  pulse  current,  i0. 
In  order  to  separate  a  residual  contribution  of  diffusion 
from  the  overpotential,  the  data  were  treated  by  the 
following  equation  proposed  by  Matsuda.  Oka  and  Delahay 
(2) . 


+ 


[  1  1 


n, =(RTi2/zF) C 1 / i 0 


(4N/3/T)  /T.  1 


where  C  represents  bulk  concentration,  D  the  diffusion 
coefficient,  and  suffixes  0  and  R  denote  oxidant  and 

reductant,  respectively. 

The  exchange  current  density  increases  with  increasing 
the  concentration  of  either  oxide  ion  or  the  partial 
pressure  of  oxygen.  Thus 


( l-a)  „  a 

i  Q  =  zFkspO.,  2  ccr  ]  131 

where  k  indicates  the  standard  rate  constant  and  a  the 
t ransf ercoef f i ci ent .  Therefore,  logig-log  p0o  and 
log  in-logl02-]  plots  yield  straight  lines,  the  slope  of 
whictigives  the  transfer  coefficient. 

AXi  impedance  method  Impedance  measurements  were  made 
with  the  Frequency  Response  Analyser  (NF  Circuit  Co. Ltd.) 
over  the  frequency  range  between  100  K  and  0.01  Hz.  The 
impedance  data  were  plotted  on  a  complex  plane  (Cole-Cole 
Plot).  When  the  electrode  process  consists  of  charge 
transfer  and  diffusion,  the  complex  plane  plot  of  the 
interfacial  impedance  exhibits  a  semicircle  at  high 
frequencies  and  a  straight  line  with  the  slope  of  45 
degree  at  low  frequencies.  The  exchange  current  density 
i„  and  double  layer  capacitance  C. .  are  obtained  from  the 
diameter  r.  and  the  frequency  of  *  at  the  top  of  the 
semicircle,  respectively  .  Thus 


rt  =  RT/zFig, 


=  1/rtCdl 
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RESULTS  and  DISCUSSIONS 

1.  Reversibility  of  O2  /l/20.,(Pt,  Au  and  Pd)  electrode 

The  reversible  potential  of  oxygen  electrode  in 
molten  salts  is  written  as 

1 /202+2e"  £  02*  151 

E  =  E*  +  (RT/2F)ln^(p02)1/2/t02']}  161 

o  2- 

where  E  represents  the  standard  potential  and  10  1  is 

molar  concentration  (mol-m  J).  The  activity  of  oxide  ion 
in  Na2C0„-K2C0„  melt  is  known  to  respond  to  the  partial 
pressure  of  C02  accord! ng  to  the  following  reaction  (3); 

CO2*  ^  C02  +  O2*  171 


In  order  to  confirm  the  establishment  of  the  reversible 
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in  the  el  c<  1 1  ode  poltMiti.il  of  I’t  with  time  aftoi  th.iinjinj 
tin'  paitial  pressures  of  (),.  Similar  behavior  w.r, 
olv.t  l  vo  l  on  t‘,il  anil  I’d  o I  oi  t 1  oilFs  <41. 

lb  jure  J  I  a  I  and  lb)  shows  I  ho  '.eriis'lan  Idols  a|  t  ■ ,  <  ■ 

stationary  potential  of  An  and  l‘d  i  1  ot  i  i  odes  .  i.lo'ro  1 1  ,<  ■ 

si  opt*,  ol  tin-  ot apbs  .no  I) .  1  n .  n.ll'l  toi  An  uni  O.UsS. 

0.075  for  I'd  respei  t  I  ve  I .  fh.  .  1  ■  >i  - .  for  An  is 
eons i st ent  with  I  ho  theoretioal  value.  while  that  of  I'd 
e^h  I  h  I  *  s  a  ■>  I  i  uht  I  y  lower  value.  \< -r  n-.  I  i  a  n  riot',  of 
(>“  71/JO.,  <  Au  )  eleolrode  in  Na  ,t  ()  -K  ,(  ()  .  m  t  <>  romarkahlv 

siinil.il  fo  I  hose  observed  in  motion  .  Mlori.lt-. 

2 .  (  a  t  ho. I  l  i  l  ed ui a  l  on  of  ov v  'jell  II,  in'  d  I  i  ii  salts 

f  he  i  a  I  hod  1 1  i  e.h  :•  I  i  on  of  o\t  n-n  in  m  1 1  l  n  ..ill  .  was 

st  lulled  at  first  b>  sw<  ep  -.  ed  I  nim  el  i  v  .  [  i  •;  t .  i  .'  j 

sliow/S  I  he  <  ui  r on  I  - po I  ent  i  a  I  niivo,  foi  t  ho  i  din  I  i  <  n  of 

0>>ydoll  at  the  Pt.,  electrode  in  the  molten  chloride  containing 

(>“  i  Jo  mol  •  in-'  i  under  different  par  '  ial  pressures  <f  n  , . 
The  i.nthodie  currents  increase  .*>  t  <  ti'  I  >  villi  i  he  stall  Of 

the  eathodi'  seann  i  m.i .  showind  the  i  o  i  a  n  •  )i  a  ph  i  o  waves. 

This  beli. IV  1  O),  +  is  i  ha l  at  I  er  l  s  I  I  <  of  a  reversible  e  1  I  rod e, 

l  .  < ' .  a  1/1  t  •  I  e<  t  !■  )de  in  mo  i  ion  .alls.  Tlr-  t  a  I  hod  i  t 

I  >0  I  a !  l  .’a  I  l  on  t  u  i  vo  up  to  -  (I  .  4\  t  h  I  I  •  l  i  s  a  I  i  im  Ii  i.'.i 

t  nil  (Id  .  ri'JUie  4  shows  Unit  the  '  at  In  "lit  t  1. 1  louts  at 
-l.'iv  are  approy  I  nil  t  el  y  pi  opoi  I  I  ilia!  lo  I  he  paitial 

PI  O'.sures  of  O  , .  S  |  III  1  :  It  propOl  I  l  ona  I  l  !  >  w  o  '  .In  t  I  y.  |  oil 
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t’lts  troth'  is  very  i.ipid  and  I  he  current  is  tout  tolled  hr 
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('n  the  basis  of  the  results  of  the  not,  -  .  I  a  t  i .  nta  i  > 
("-.pel  i  im'  1 1 1  s .  however.  It  Is  widelv  believed  Ih.ti.  in 
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O2"  +  co2  - *-  CO2 

The  reaction  step  [14]  can  be  split  into  charge  transfer 
and  chemical  reaction  steps,  as 

02"+  2e”  - 202'  1181 

02'  +  C00  - a-  CO2-  [19] 

2- 

3.  Impedance  and  double  pulse  studies  of  0  /1/20., 

electrode  in  molten  salts 

0_  The  measurements  of  the  charge  transfer  rate  of  the 
0“  /l/20„  reaction  on  Pt  were  made  in  NaCl-KCl  melt  under 
different  partial  pressures  of  oxygen  by  the  gal vanostat l c 
double  pulse  method.  The  values  measured  are  plotted 
against  the  square  root  of  the  pulse  width  t.  in  Fig. 7  . 
As  was  expected  from  Eq.U],  n0  is  proportional  to  the 
square  root  of  tj  .  Similar  graphs  were  obtained  by  the 
for  different  concentrations  of  02~  . 

Extrapolation  of  the  graphs  to  the  interceptor  the  vertical 
axis  yields  the  exchange  current  density  of  the  charge 
transfer  step  shown  as  Eq.  [91.  The  exchange  current 
densities  thus  obtained  are  plotted  aga i nst0_the  partial 
pressures  of  0„  and  the  concentrations  of  0“  in  Fig. 8 
The  graphs  exhibit  straight  lines  as  was  expected  from 
Eq.t3],  and  the  transfer  coefficients  for  Pt ,  Au  and  Pd 
electrodes  were  0.25,  0.20  and  0.14  ±  0,04,  respectively. 

The  exchange  current  densities  of  the  CT_/]/202  electrode 
in  the  chloride  melts  are  of  the  same  order  of"  magnitude 
as  those  of  the  reversible  metal  electrode  in  chloride 
melts  hitherto  reported  (8). 

Complex  plane  plots  of  the  impedance  on  the  Pd  electrode 
in  NaCl-KCl  melt  are  shown  in  Fig. 9  .  The  diagram 
consists  of  a  semicircle  at  high  frequencies  and  a  much 
depressed  semicircle  at  low  frequencies.  The  depressed 
semicircle  is  attributable  to  the  Warburg  impedance  under 
Nernst  diffusion  layer  limitation.  The  transfer 
resistance  that  corresponds  to  the  diameter  of  the 
semicircle  at  high  frequencies  decreases  with  increasing 
partial  pressures  of  0,  (Fig. 9  tbn.  The  exchange 

current  densities  obtained"  from  the  diameter  of  the 
semicircle  and  gal vanos t a t i c  double  pulse  method  in  NaCl- 
KCl  melt  are  summarized  in  Table  1. 

As  was  mentioned  above  ( Kq .  [ 8 ]  and  Eq.[s]),  the 

cathodic  reduction  of  oxygen  in  molten  chloride  proceeds 
via  a  two-step  mechanism  strongly  inhibited  by  diffusion. 
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The  exchange  current  densities  obtained  from  the  transfer 
resistance  are  an  order  of  magnitude  less  than  those 
obtained  by  the  double  pulse  method  and  probably 
correspond  to  the  slower  transfer  step  shown  as  Eq.C81. 

Thus.  the  equivalent  circuit  for  the  impedance  of  the 
oxygen  electrode  in  molten  chloride  can  be  written  as 
Fig. 10  where  C..  represents  the  double  layer  capacitance, 
R  the  transfer  resistance  corresponding  to  Eq.191.  C  the 
pseudo  capacitance,  R  ’  the  transfer  resistance 
corresponding  to  Eq.f81,  :and  W  the  Warburg  impedance. 
Since  the  R.  value  is  very  small,  the  semicircle 
corresponding1  to  R.  is  barely  discernabie  on  the  graph. 
The  Rt  value  is  obtained  only  by  the  galvanostat ic  double 
pulse1  method.  Similar  results  were  obtained  on  Au 
and  Pd  electrodes  in  NaCI-KCl  melt. 

Figure  II  shows  the  complex  plane  plots  of  the 
impedance  on  Au  electrode  in  the  molten  carbonate  under 
different  partial  pressures  of  oxygen.  The  graphs  consist 
of  a  depressed  semicircle  at  high  frequencies  and  a 
somewhat  deformed  Warburg  impedance  at  low  frequencies. 
The  diameter  of  the  semicircle  decreases  with  increasing 
partial  pressures  of  oxygen  and  probably  corresponds 

to  the  chemical  reaction  resistance  shown  as  Eq.1191.  The 
equivalent  circuit  in  this  case  is  similar  to  that  of 
Eig.10  ,  where  R,'  indicates  the  chemical  reaction 
resistance.  1 

4.  Cathodic  reduction  of  oxygen  on  partially  immersed  Au 
electrode 

Cathodic  polarization  experiments  were  made  on  a 
partially  immersed  Au  electrode  in  the  molten  carbonate 
under  different  partial  pressures  of  0,,  and  C0o .  The 
partially  immersed  electrode  has  a  very^thin  liqutd  layer 
at  the  meniscus  and  simulates  an 

electrode  which  has  a  three  phase  boundary,  as  reported  for  an 

aqueous  t  ue I  cell  ( 9 ) . 

Figure  12  shows  the  polarization  curves  of  the 
cathodic  reduction  of  on  the  partially  immersed  Au 
electrode  under  d i f f erent “pat t i a  1  pressures  of  02.  The 
current  on  the  partially  immersed  electrode  ts  much 
greater  than  that  on  the  fully  immersed  electrode, 
exhibiting  a  Tafei  region  and  a  limiting  current.  Therefore, 
it  is  likely  that  most  of  the  current  flows  in  the 
vicinity  of  the  three  phase  boundary,  where  the  inhibition 
by  diffusion  is  greatly  eliminated.  The  cathodic  currents 
on  the  partially  immersed  electrode  increase  with 
increasing  the  partial  pressures  of  either  0^  or  CO^ . 
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Figure  1.  Change  in  Potential  ( vs . Ag/Ag+ (0. 1 )  with 
Time  after  Changing  the  Partial  Pressure 
®2'  ^ 1  I  =1 30mol. m“ 3,  Numbers  in  the 
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Table  1  Exchange  current  density  measured  by  the  galvano- 
static  double  pulse  and  a.c.  impedance  methods 

[02_]  Double  pulse  pCC  A.C . impedance 

mol-m  2  X104  A-m  2  X10  Pa  X102  A«m  2 
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KINETIC  STUDY  OF  HYDROGEN  OXIDATION 
IN  MOLTEN  ALKALI  CARBONATE 

Isamu  Uchida,  Tatsuo  Nishina,  and  Masaya  Takahashi 

Department  of  Applied  Chemis t ry , Facu 1 t y  of  Engineering, 

Tohoku  University 
Aramaki-Aoba ,  Sendai  980,  Japan 


ABSTRACT 

The  hydrogen  oxidation  reaction  in  (62+38)mol% 
(Li+K)C03  at  650°C  has  been  studied  at  Au ,  Ag,  Cu , 

Pt,  Ir,  Pd,  Ni,  Co,  and  Fe  electrodes  by  using 
cyclic  voltammetry,  ac  impedance  and  potential-step 
methods.  Impedance  data  were  analyzed  by  computer 
fitting  with  an  equivalent  circuit  taking  into 
account  the  hydrogen  adsorption.  The  exchange 
current  density  increased  with  the  following  series 
under  the  gas  composition  of  P( H2 )/P( CO2 )/P( H2O) = 

0 . 691 /0 . 236/0 . 01 3 ;  Pd(118.9  mA/cm^ ) >Ni > Pt > I r > Au > Ag 
(16.1  mA/cm^).  The  effect  of  the  nature  of  metals 
on  the  electrode  kinetics  is  discussed. 

INTRODUCTION 

The  hydrogen  oxidation  in  molten  carbonates  is  an 
important  process  in  the  development  of  molten  carbonate 
fuel  cells.  It  has  received  renewed  attention  recently  from 
the  electrode  kinetics[ 1-4  ]  because  extensive  work  is 
needed  to  improve  the  anode  efficiency  and  the  performance 
degradation.  Ang  and  Sammells  obtained  kinetic  parameters, 
including  the  exchange  current  density, on  nickel  and  cobalt 
electrodes  in  Li/K,  Li/Na  and  Li/Na/K  carbonates  by  using  a 
potential  step  method[l].  The  potential  step  has  been  used 
for  other  systems  such  as  conducting  ceramic  electrodes  [2] 
and  copper  electrodes[ 3  ]  in  the  Li/K  carbonate.  Throughout 
the  previous  s tudies [ 1 -4  ]  including  early  work  on 
polarization  data  for  various  metals[5],  the  kinetic 
features,  especially  for  i  values,  are  little  dependent  on 
the  nature  of  the  electrode  materials.  Apparently,  there  is 
not  drastic  variation  in  iQ  values  with  the  metal  as  is 
observed  in  the  aqueous  system.  The  present  work  was 
undertaken  to  examine  extensively  the  influence  of  metals 
on  hydrogen  oxidation  by  using  an  ac  impedance  method  and 
potential  step  techniques, including  chronocoulometry . 
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EXPERIMENTAL 

The  eutectic  mixture  of  alkali  carbona te ,( 62+38 )mol % 
(Li+K)C03,  was  used  as  a  solvent  at  650°C.  Experimental 
techniques,  melt  purification,  appara tus, and  the  cell 
assembly  were  described  elsewhere[ 6-8 ] .  Electrode 
potentials  were  given  with  respect  to  the  oxygen  gas 
reference  electrode  of  P( O2 )/P( CO2 )=0 . 33/0 . 67 , 
i .e . , (1 :2 JOj/CO^ .  Inlet  fuel  gases  were  initially 
(7:3)H2/C02  and  (3:7)H2/CC>2.  They  were  fed  into  the  cell 
after  moistening  with  water  vapor. 

The  working  electrodes  were  fully  immersed  flag  type 
electrodes  with  a  geometrical  area  of  0.4  cm  .  They  were 
commercially  available,  smooth  and  thin  foils(3N-up  purity, 
0.05  mm  thickness)  cut  out  with  a  paper  punch(0.5  cm  in 
diam.).  Fine  gold  wire  was  welded  to  the  punched  foils  as 
electrical  leads  in  order  to  minimize  the  meniscus  effect 
bringing  about  a  high  local  current  at  the  metal/gas 
boundary.  Selected  metals  were  Au,  Ag ,  Cu ,  Pt,  Ir,  Co,  Ni, 
Fe  and  Pd. 

Cyclic  voltammetry  and  potential  step  experiments  were 
carried  out  by  using  a  PAR  model  273  potentiostat  coupled 
with  a  Nicolet  4094  digital  oscilloscope.  Solartron  1186 
and  1286  potentiostats  were  also  used  for  this  purpose.  For 
pulse  experiments  the  resultant  transients  were  recorded 
with  the  microprocessor-controlled  oscilloscope  and  were 
stored  on  floppy  disks  for  subsequent  signal  conditioning 
and  analyses.  Impedance  measurements  were  carried  out  using 
a  Solartron  1250  frequency  response  analyzer  coupled  with 
the  1186(oz  1286)  electrochemical  interface.  Frequencies 
were  changed  from  1  Hz  to  60  kHz  and  the  signal  amplitude 
was  5  mV  rms.  Data  were  transferred  to  microcomputer s ( HP  85 
and  NEC  PC-9800)  and  subjected  to  the  faradaic  impedance 
analysis . 


RESULTS  AND  DISCUSSION 
Voltammetric  behavior 


Cyclic  vo 1 tammograms (CV)  for  hydrogen  oxidation  yield 
characteristic  waves  for  anode  metals  as  shown  in  Fig.  1. 
Hydrogen  oxidation  takes  place  at  the  rising  portion  of  CV. 
However,  metal  dissolution  follows  the  hydrogen  oxidation 
for  the  Ni,  Co,  and  Cu  cases.  At  Co  and  Fe  electrodes,  the 
onset  potentials  of  metal  dissolution  are  very  close  to  the 
hydrogen  oxidation,  and  the  current  peak  can  not  be 
distinguished  as  observed  in  the  Ni  and  Cu  cases.  The 
single  peaked  wave  observed  at  Ni,  Cu ,  Au,  Ag,  Pt,  and  Ir 
electrodes  are  ascribed  to  the  hydrogen  oxidation  process. 
It  is  noted  here  that  the  peak  height  depends  on  the  nature 
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of  the  metal.  Whereas  the  peak  potential  seems  almost 

independent  of  scan  rates  up  to  0.5  v/s  as  reported  for  Cu 

electrodes [ 3 ] . 

Pd  electrodes  showed  extraordinarily  large  peaks  as 
shown  in  Fig.  2.  The  peak  shape  indicates  an  adsorption¬ 
like  behavior.  Considering  a  quite  large  amount  of  charge 
passing  during  the  scan,  this  behavior  can  not  be  ascribed 
to  a  surface  redox  process  of  monolayer  adsorption, 
suggesting  that  a  hydride-like  compound  formed  inside  the 
electrode  surface  participates  in  the  anodic  process. 

AC  impedance  behavior 

Figures  3  to  5  show  impedance  plane  plots  for  different 
metals  measured  at  the  rest  potential.  Inlet  gas 
composition  was  PH2 : FCO2 : PH2O =0 . 691 :0 . 29b : 0 . 01 3  atm  and  the 
frequency  range  selected  here  was  1  Hz  to  6  kHz. 

As  shown  in  Fig.  3,  the  Cole-Cole  plots  for  Au  and  Ag 
electrodes  were  very  similar,  indicating  circular  arcs  at 
high  frequencies.  Copper  showed  a  somewhat  different  locus 
and  the  diffusion  impedance  observed  usually  at  low 
frequencies  was  not  well  defined.  Ni  and  Co  electrodes  gave 
very  linear  plots  as  shown  in  Fig. 4.  The  diffusion 
impedance  was  predominant  throughout  the  measured 
frequencies.  Comparing  the  two,  the  latter  was  more 
resistive  in  the  diffusion  impedance.  Fig. 5  shows  the 
comparison  between  three  metals  of  the  Pt  family.  The  behavior 
of  Pd  was  almost  identical  with  that  of  Ni.  Pt  showed  a 
small  circular  arc  at  high  frequencies  while  Ir  had  a 
large  arc  comparable  to  that  of  Au. 

Faradaic  impedance  analysis 

The  overall  hydrogen  oxidation  reaction  is 

H2  +  C0^"->  C02  +  H20  +  2e"  (1) 

The  process  involves  adsorption  intermediates 

H2  +  2M  =  2MH  (2) 

The  reaction  mechanism  following  Eq.(2)  has  been  discussed 
recen t ly [ 1 , 3 , 9 ] .  Taking  into  account  the  adsorption  step, 
we  searched  several  equivalent  circuits  capable  of  well 
interpreting  the  impedance  data.  Using  a  curve  fitting 
program[6,7]  with  postulated  circuits,  we  found  that  the 
circuit  shown  in  Fig. 6  gave  good  results.  Examples  of  the 
computational  results  are  shown  in  Fig. 7  in  comparison  with 
the  experimental  results,  and  parameters  thus  determined 
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are  summarized  in  Table  1  together  with  i„  values 
calculated  from  the  activation  resis tance f  0  =  R T/nFi D)  . 
Parameters  for  Cu  and  Co  electrodes  are  omitted  in  the 
table  because  fitting  accuracy  was  poor  for  the^circuit  of 
Fig. 6.  We  simply  note  the  iQ  values;  43.8  mA/cm  for  Cu  and 
32.9  mA/cm^  for  Co. 

The  double  layer  capacity  shows  little  dependency  on  the 
nature  of  metal  (60  to  80  yF/cm2)  except  for  Ni  and  Pd. 
Although  there  are  no  data  about  the  true  Cfj  values  at 
various  metals  under  a  hydrogen  atmosphere,  the  above 
values  seem  to  be  reasonable.  Smirnov  et  al.  reported  the 
double  layer  capacity  on  Pt  electrodes  at  650°C  under  a  CO2 
a tmosphere [ 10 ] .  Although  their  results  showed  a  large 
scatter  of  absolute  values  depending  on  the 
prepolarization,  the  C^  values  were  about  10  to  60  yF/cm 
at  the  corresponding  potential  region. 

The  Warburg  coefficient,  a  ,  changed  with  the  nature  of 
metals.  The  a  value  represents  the  magnitude  of  diffusion 
impedance,  being  related  to  the  reciprocal  of  C/D[ll]. 
Therefore,  the  observed  dependency  is  curious  because  the 
hydrogen  partial  pressure  and  the  melt  composition  were 
identical  through  the  experiments.  This  unexpected 
behavior,  which  was  also  noted  in  the  peak  height  of 
voltammograms ,  can  be  attributed  to  the  hydrogen 
incorporation  into  metals  or  hydride  formation  on  electrode 
surfaces.  The  small  a  values  and  the  large  Crf  and  Cacj 
values  noticed  at  Ni  and  Pd  electrodes  suggest  complicated 
kinetics  caused  by  a  transport  process  taking  place  inside 
the  electrode.  Vogel  et  al.  described  the  effect  of  hydrogen 
diffusion  through  Ni  and  Pd  metals  on  hydrogen  oxidation 
kinetics  at  meniscus  electrodes  [4] . 

Potential  step  experiments 

Potential  step  measurements  were  carried  out  to 
determine  iQ  values  with  Al len-Hickling  plots.  Results  are 
shown  in  mA/em^  as  follows;  Pd(75.7)  >Ni(61.0)  >Pt(43.9) 
>Cu(37.3)  >Au(20. 5) . 

In  order  to  get  further  insight  to  the  mixed  transport 
process  of  metal  side  and  melt  side,  chronocou lome t ry  was 
employed.  Potential  was  stepped  from  the  rest  potential  to 
a  potential  positive  by  0.2  V.  Typical  chronocoulometr ic 
responses  for  different  metals  are  shown  in  Fig. 8.  When  the 
potential  step  is  sufficiently  large  to  attain  the 
diffusion-limited  condition,  the  transient  is  given  by  the 
integral  of  the  Cottrell  equation,  showing  a  linear  plot 
with  a  slope  providing  the  Ckf)[llJ.  As  shown  in  Fig. 8,  the 
variation  of  slopes  with  the  kind  of  metal  confirms  the 
difference  in  transport  process  between  the  metals.  The 
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trend  of  kinetic  behavior  is  in  agreement  with  that  of 
values  mentioned  in  Table  1.  Qualitative  analysis  of 
chronocoulome t r  ic  data  is  in  progress. 
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E.'V  vs  (1  202  'C02)/A'j 


Fig.  1.  Cyclic  vol tammograms 
for  hydrogen  oxidation  at 
various  metal  electrodes. 
P(H2)/P(C02)/P(H20'= 
0.691/0.296/0.013, 
v=0 . 2  V/s. 


V/s,  respectively. 
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Fig.  3.  Impedance  plane  plots 
for  Ag,  Au,  and  Cu  electrodes 
at  the  rest  potential. 
f=l  Hz  to  fa  kHz, 

Gas  composition  as  in  lig.  1- 
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Fig.  4.  Impedance  plane  plots 
for  Ni  and  Co  electrodes  at 
the  rest  potential. 
Experimental  conditions  as 
in  Fig.  3. 
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Fig.  5.  Impedance  plane  plot 
for  Pt,  Ir,  and  Pd  electrodes 
at  the  rest  potential. 
Experimental  conditions  as 
in  Fig.  3. 


Cd 


Fig.  6.  Equivalent  circuit  for  hydrogen  electrode. 

Cd :  double  layer  catacity,  0:  charge  transfer  resistance, 
Cad:  adsorption  pseudo-capacity,  Rad:  adsorption  resistance, 
a  :  Warburg  coefficient. 
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ABSTRACT 

Cathodic  behaviour  of  HF  in  a  molten  LiF-KF 
system  has  been  investigated  in  detail  by  using 
both  immersion  type  and  sem  1  - 1  miners i or.  type 
platinum  electrodes.  In  the  case  of  immersion 
type  electrode,  clear  current  peak  due  to  the 
reduction  of  HF  dissolved  in  the  melt: 

HF  +  e~  =  1/2H2  +  F" 

wjs  observed  on  a  potential  sweep  vol tammog ram , 
at  the  potential  of  1.5- 1.6  V  (  vs.  Li,K  /  Li  +  ,  K  + 
electrode  ).  The  dependence  of  peak  current  on 
the  square  root  of  scan  rate  as  well  as  on  the 
partial  pressure  of  HF  in  the  atmosphere  suggests 
a  diffusion  controlled  reaction.  In  the  case 
oi  semi - immersion  type  gas  electrode,  equilibrium 
potential  of  the  above  reaction  has  been 
determined  to  be: 

E  =  (2.019  •  0.024)  +  2 . 30  3 ( RT/F )  log  Phf/(pH2>1^2 

(  V.  vs.  Li,K/l.i*,K+  electrode  )  on  the  platinum 
gauze  as  an  electrode  at  570°C.  And  at  this 
electrode,  cathodic  polarization  was  very  small 
even  at  the  apparent  current  density  of  0.15 
A/cm^,  which  is  interesting  from  the  technological 
viewpoi nt  . 


INTRODUCTION 

Molten  fluoride  is  a  useful  material  for  use  in  many 
future  engineering  applications.  Thus,  systematic  studies 
of  molten  fluoride  systems  are  to  be  conducted 
extensively.  from  this  viewpoint,  in  the  authors' 
laboratory,  LiF-KF  eutectic  melt  has  been  selected  as  an 
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example  of  fluoride  melt,  and  a  series  of  electrochemical 
studies  has  been  conducted.  However,  in  these  studies,  it 
is  very  difficult  to  find  stable  and  reliable  reference 
electrode  with  thermodynamic  significance,  so  that 
thermodynamic  considerations  of  experimental  results  are 
very  difficult  to  achieve  .  Then  the  authors 
conventionally  have  been  using  I.i,K/Li+,  K+  electrode  as  a 
reference  electrode.  This  electrode  is  reproducible  when 
it  is  used  as  a  dynamic  reference  electrode.  As  mentioned 
lat°r,  this  electrode  can  be  easily  obtained  by  a  constant 
current  electrolysis  immediately  before  the  potential 
measurement .  But  thermodynamic  significance  of  its 
potential  is  not  so  clear  yet.  So,  in  this  paper, 
relation  between  potential  of  this  dynamic  reference 
electrode  and  HF/H2  gas  electrode  has  been  measured  to 
make  certain  of  the  potential  value  of  this  dynamic 
reference  electrode.  Since  the  thermodynamic  significance 
of  the  potential  of  HF/H2  electrode  is  clear,  the 
potential  measured  against  the  Li,K/Li+,K+  electrode  can 
be  easily  converted  to  the  potential  value  with 
thermodynamic  significance. 


EXPERIMENTAL  METHOD  AND  APPARATUS 

The  experimental  cell  is  shown  in  Fig.l,  a 
experimental  system  is  shown  in  Fig. 2.  Comme 
KF  (  Reagent  Grade,  Wako  Chemicals  Co.,  Ltd  > 
and  the  eutectic  mixture  was  vacuum  dried  f 
nights  at  200°C,  after  which  it  was  placed 
crucible  (  Ibigawa  Denko  Co.,  Ltd.,  T-S  )  and 
for  20  hours  at  350°C  under  vacuum  condition 
assembly,  and  then  it  was  melted  and  kept 
experimental  temperature  such  as  S70°C  under 
counter  and  quasi  -  ref erence  electrode,  glassy 
(  Tokai  Carbon  Co.,  Ltd.,  GC30-S  )  were 
potential  of  the  quasi -ref erence  electrode  wa 
versus  the  Li-K/Li+,K+  dynamic  reference  elec 
use.  By  means  of  a  constant  current  electrol 
the  glassy  carbon  anode  and  the  nickel  rod  c 
alloy  of  a  finite  composition  (  Li  :  K  =  2 

deposited  on  the  cathode.  By  each  measuremen 
deposition  has  been  newly  conducted  and  very 
reproducible  value  <  equilibrium  potential  of 
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Li  +  ,  K+  +  e-  =  Li,  K  [11 

is  not  so  clear.  In  order  to  clarify  this,  the  potential 
of  this  alloy  electrode  should  be  calibrated  versus  the 
potential  of  the  electrode  which  has  very  clear 
thermodynamic  significance.  For  this  purpose  ,  HF/H2  gas 
electrode  has  been  constructed  by  using  platinum  gauze  or 
perforated  platinum  cylinder  as  electrode  material.  These 
electrodes  are  expected  to  show  equilibrium  potential  of 
the  reaction  : 

HF  +  e_  =  1/2  H2  +  F-  [2] 

Total  experimental  system  is  composed  of  three  main 
parts,  ie.,  electrolytic  cell,  HF  gas  supplying  part  and 
HF  gas  recovering  part.  Pipes  and  valves  in  the  system 
are  made  of  nickel  or  stainless  steel,  and  the  system  was 
kept  gastight. 

After  melting  the  salt,  pure  hydrogen  gas  (  purity 
99.9999%  )  was  introduced  into  the  cell  at  first,  then 
mixture  of  H2  and  HF  of  a  finite  composition  was 
introduced  into  the  cell.  Partial  pressure  of  the  mixture 
was  controlled  by  passing  H2  gas  over  NaF-HF  pellet 
(  Morita  Kagaku  Kogyo  Co.,  Ltd.  )  which  was  kept  at  a 
finite  temperature.  After  the  equilibrium  has  been 
reached,  rest  potential  of  this  electrode  was  measured. 

The  rest  potential  was  obtained  by  extrapolating  both 
cathodic  and  anodic  polarization  curves  to  the  point  of 
zero  current.  And  in  order  to  clarify  the  influence  of 
contaminants  and  the  existence  of  the  side  reaction,  as 
well  as  to  clarify  the  cathodic  reduction  behaviour 
itself,  potential  sweep  method  was  also  applied. 


RESULTS  AND  DISCUSSION 
1.  Cathodic  Behaviour  of  HF  by  Vol t ammet ry 

Before  measuring  the  equilibrium  potential,  in  order  to 
get  the  whole  understanding  of  the  cathodic  reduction 
of  HF  as  well  as  to  investigate  the  influence  of  the 
contaminants  and  the  existence  of  the  side  reaction, 
voltammogram  of  the  dissolved  HF  was  investigated  in  a 
wide  potential  range,  by  the  use  of  immersion  type 
electrode.  Gold  wire  was  used  as  a  working  electrode. 
Fig. 4  shows  a  sample  voltammogram.  In  the  figure,  three 
peaks  are  observed:  at  1.5-1. 6  V  (  Peak  1  ),  around  1  V 
(Peak  2  ),  and  around  0.7  V  (  Peak  3  ),  respectively.  And 
at  about  0.5  V,  sharp  current  increase  can  be  observed. 
These  are  the  peaks  due  to  the  reaction: 
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HF  <  e~  =  1/2  H2  +  F “ , 

the  peak  due  to  the  reduction  of  HpO,  and  the  peak  due 
to  the  reduction  of  OH ~  ion  or  the  formation  of  the  alkali 
metal-gold  alloy.  Sharp  current  increase  at  about  0.5V  is 
due  to  the  deposition  of  alkali  metal  alloy. 

Fig. 5  shows  dependence  of  the  peak  current  of  Peak  1  on 
the  potential  scanning  rate,  and  Fig. 6  shows  relation 
between  this  peak  current  and  the  square  root  of  scanning 
rate.  From  the  linear  relation  on  the  figure,  this 
reaction  is  suggested  to  be  diffusion  controlled. 

Though  there  can  be  seen  a  linear  relation  between  peak 
current  and  partial  pressure  of  HF  in  the  atmosphere  at 
very  low  partial  pressure  range,  as  it  increases,  the  peak 
current  tends  to  deviate  from  linearity  and  to  become 
saturated.  This  suggests  the  very  low  solubility  of  HF  in 
the  melt.  Thus  it  is  clear  that  by  the  measurement  of  the 
equilibrium  potential,  gas  diffusion  type  electrode  is 
absolutely  necessary  to  assure  three  phase  zone  among  gas, 
molten  fluoride,  and  electrode  material. 


2.  Measurement  of  Polarization  Curve  and  Equilibrium 
Potential  by  the  Us e  of  Sc mi -Immersion  Type  Gas  Electrode 

Two  kinds  of  semi -immersion  type  electrode  have  been 
used  to  measure  polar i za t i on  cha racter ist ics  and 
equilibrium  potential,  ie.,  perforated  cylinder  electrode 
and  platinum  gauze  electrode. 


2-1.  Perforated  Cylinder  Electrode 


Fig. 7  shows  cathodic  and  anodic  polarization 
characteristics  obtained  at  several  partial  pressures  of 
HF,  by  the  use  of  perforated  platinum  cylinder  electrode. 
Both  polarization  curves  coincide  at  the  current  of  0  mA. 
And  the  polarization  characteristics  depend  on  the  partial 
pressure  of  HF.  Fig. 8  shows  cathodic  polarization  curves 
obtained  in  a  wide  potential  range.  Three  plateaus  are 
observed  in  the  figure.  Taking  into  consideration  three 
peaks  observed  in  the  voltammogram  of  the  dissolved  HF 
described  above,  these  three  correspond  to  the  reduction 
of  HF,  the  reduction  of  H2O  and  the  alkali  metal 

deposition,  respectively,  in  the  order  from  noble  to  base 
potential.  Jf  we  change  the  cm  tent  from  high  to  low 
value,  here  we  observed  four  plateaus,  as  seen  in  the  same 
figure,  the  reason  of  which  is  not  cleat  yet.  From  the 
plateau  due  to  the  reduction  of  HF,  limiting  current  1 ^  of 
the  cathodic  reduction  of  HF  is  rather  high,  which  is 
interesting  from  the  technological  viewpoint.  That  is, 
there  is  some  possibility  to  use  this  cathodic  reaction 
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pressures  are  plotted  against  log  PHF/ (  Ph2^^  with  open 
circles  in  Fig. 9.  From  this  figure,  relation  between  rest 
potential  and  the  partial  pressure  of  gases  is  given  by 
the  following  equation  : 

E  =  (2.015  :  0.078  )  +  2 . 30 3 ( RT/F ) log  PHF/ ( PH2 ) 1 / 2  [3] 


In  the  root  mean  square  calculation,  the  slope  of  the 
line  is  fixed  at  the  value  of  Nernst  relation.  This 
equation  13]  gives  the  equilibrium  potential  of  reaction 
[2). 


2-2.  Platinum  Gauze  Electrode 


Fig.  10  shows  examples  of  cathodic  and  anodic 
polarization  curves  obtained  by  the  use  of  platinum  gauze 
electrode.  For  this  electrode,  platinum  gauze  was  rolled 
to  form  gauze  cylinder  and  the  bottom  of  the  cylinder  was 
closed  by  flattening  and  spot  welding.  When  ohmic  loss  is 
corrected,  both  cathodic  and  anodic  pola r i za t i ons  are 
almost  zero.  Rest  potentials  at  several  HF  partial 
pressures  are  plotted  with  closed  circles  i r.  Fig. 10.  From 
this  figure,  relation  between  rest  potential  and  partial 
pressures  of  gases  is  given  by  the  following  equation  : 

E  =  (  2.019  i  0.024  )  +  2.  3031 RT/F 1  log  PHF/ ( PH2 ) 1 /2  [4] 

In  the  calculation,  the  slope  of  the  line  is  fixed  at 
the  Nernst  relation.  This  equation  I  4  ]  gives  the 
equilibrium  potential  of  reaction  [2],  Equation  13]  and 
equation  [4]  are  almost  coincident  and  the  results  of  both 
experiments  described  above  are  considered  to  be 
reasonable.  However,  taking  into  consideration  that  the 
platinum  gauze  electrode  is  more  suitable  for  the  direct 
gas  reaction  and  in  fact  the  precision  is  higher  in  equation 
[4]  than  in  equation  [31,  the  equilibrium  potential  of 
HF/H2  electrode  expressed  versus  alkali  metal  electrode  is 
concluded  to  be  given  as  in  equation  ]  4  ’ . 
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Fig. 3  Schematic  Representation  of  the  Potential 
Response  of  Alkali-Metal  Electrode  (  Potential  Decay 
after  the  Constant  Current  Electrolysis;  Potential  is 
referred  to  the  Glassy  Carbon  Quar,  i-P.e  f  e  rence-E  lect  rode  ) 
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ABSTRACT 

Constant  potential  and  current  electrolyses  have  been 
used  to  study  Ga(I)  ions  in  r^om  temperature  chloroaluminate 
melts.  A  potent iomet rlc  analysis  of  Ca(I)  Ion,  produced  by 
anodization  in  1-5:1  mole  fraction  A1C1 3: 1-butylpyridinium 
chloilde  (BPC)  system,  35°C,  gave  E°  Ga( I)/Ca(0)=+0. 339  V 
vs.  Al(2:l)  reference  and  one-electron  Nernst  slope. 

Potent iometry  of  Ca(I)  species,  produced  by  anodization  and 
by  reduction  of  added  CaCli,  as  a  function  of  melt  acidity, 
indicates  that  GaCl<>”  Ion  may  be  the  predominant  lower 
valence  gallium  species  in  the  basic  regime.  Little,  if 
any,  dependence  of  Ga(I)  was  found  on  melt  acidity  at  acidic 
melt  compositions.  Deposition  of  Ga(0)  was  possible  from 
acidic  but  not  basic  melts-  A  small  voltamraet ric  wave, 
assigned  to  A1  underpotential  deposition  on  Ca ,  is  reported 
for  slow  scans  in  acidic  melts.  Prospects  for  depositing 
pure  films  of  the  compound  semiconductor  GaAs  are  discussed 
briefly . 


INTRODUCTION 

Though  the  electrochemistry  of  Ca  has  received  much  attention  in 
aqueous  media,  relatively  little  is  known  concerning  the 
electrochemical  kinetics  of  Ga  species  reduction  in  nonaqueous  media 

(1) .  Verdieck  and  Ynteraa  reported  that  solutions  of  Ga(III)  in  an 
A1C1 i-NaCl-KCl  molten  eutectic  at  156°C  showed  a  reduction  process  at 
+0.83  V  and  deposition  at  about  +0-2  V  vs.  A1  reference  electrode 

(2) .  Anders  and  Plarabeck  have  investigated  the  electrochemistry  of  Ga 
in  an  A1C1 3-NaCl-KCl  melt  at  133°C  (3).  Using  potent iomet ric  and 
voltammetric  techniques,  they  demonstrated  that  chloroaluminate  melts 
favored  the  existence  of  the  lower  valence  Ca(I)  ionic  species  more 
than  aqueous  media  or  chloride  melts.  Shafir  and  Plambeck  reported 
that  the  stable  oxidation  states  of  gallium  in  a  LiCl-KCl  eutectic  at 
450°C  are  the  metal  and  the  trivalent  ion  (4).  Treraillon  and 
coworkers  have  investigated  the  acidobasic  properties  of  molten 
potassium  tet rahalogenoga 11a tes  (5).  They  reported  that  molten 

tet rahalogenogal lat es  were  chemically  similar  to  te t r shalogeno- 
alumlnates,  however,  the  existence  of  the  Ga(I)  lower  oxidation  state 
complicated  the  determination  of  melt  acidity.  More  recently,  von 


391 


Barner  has  reported  the  results  of  potent loraet ric  investigations  of 
the  complex  formation  of  Ca(lII)  in  KC1-AIC1 3  melts  at  3C0°C  (6). 

As  part  of  an  investigation  of  the  prospects  of  e lec t rodepos i t  ing 
films  of  the  commercially  important  ill — V  semiconductor  gallium 
arsenide,  of  useful  quality,  we  have  attempted  to  better  understand 
the  electrochemistry  of  gallium  species  in  room  temperature 
chloroaluminate  melt  systems  (7).  GaAs  films  have  potential 
applications  for  high  efficiency  solar  cells  cf.  (8,9)  or  other 
semiconductor  devices. 


EXPERIMENTAL 

Preparation  of  melts  and  equipment  for  cyclic  voltammetry  have 
been  reported  elsewhere  (7).  Constant  potential  and  current 
electrolyses  were  made  with  cells  in  a  dry  box  under  a  purified  argon 
atmosphere.  Controlled  potential  coulometric  Investigations  were 
performed  with  a  PAR  173  Potent lostat /Galvanostat  equipped  with  a  PAR 
179  Digital  Couloraeter  or  an  EGiC  273  Potent lostat /Calvanos tat . 

Working  electrode  cells  consisted  of  a  Pt  crucible  with  a  maximum  melt 
capacity  of  about  15  ml  and  a  C  crucible  which  could  accommodate  about 
50  ml  of  melt.  Electrolyses  were  usually  with  stirred  melts 
containing  less  than  75  mg  of  eiectroac t l ve  species.  Crystalline, 
anhydrous  GaClj  of  99.999%  purity  (Aesar)  was  obtained  in  sealed 
ampoules  and  used  as  received.  Constant  current  coulometry  was 
performed  with  a  Brinkman  (E524)  coulostat.  Gallium  working 
electrodes  were  prepared  from  ingots  of  Ga  metal  of  99.99%  purity 
(Alfa).  A  Kelthley  179  TRMS  digital  voltmeter  was  used  for 
potent lomet r ic  measurements. 


RESULTS  AND  DISCUSSION 
Po tentlometric  Investigations 

In  order  to  understand  better  the  formation  and  stability  of 
Ga(l)  Lon  species  in  low  temperature  melts,  constant  potential  and 
current  electrolyses  were  performed  on  acidic  melts.  Earlier  cyclic 
voltamrae t rlc  measurements  had  shown  that  an  exhaustive  (theoretical) 
two-electron  reduction  depleted  the  melt  entirely  of  Ga(III)  species, 
added  as  GaClj,  thereby  allowing  electrochemical  or  spectroscopic 
examinations  of  the  Ga(I)  ion  species  (7).  It  has  been  reported 
previously  that  Ca(lII)  species  in  a  KC1  melt  at  300°C  could  not  be 
reduced  directly  to  Ga(0)  (5).  Although  gallium  chlorocomplexes 
behave  in  many  respects  similar  to  aluminum  chlorocomplexes,  unlike 
the  Ca(I)  ion,  the  Al(I)  species  has  not  been  shown  to  be  prevalent  in 
either  acidic  or  basic  chloroaluminate  melt  media  at  175°C  (10).  In 
low  temperature  basic  chloroaluminate  melts,  it  was  not  possible  to 
reduce  the  Ga(t)  species  prior  to  reduction  of  the  buty Lpyridinium 
cation,  e.g.,  cyclic  voltammetrlc  studies  did  not  produce  current 
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responses  for  Ga(I)  species  (produced  by  constant  potential 
electrolysis  and  added  to  a  basic  melt).  Thus,  attempts  to 
electrodeposit  gallium  In  basic  melts,  similar  to  the  chloride  system, 
were  unproductive.  In  our  voltammetric  studies  of  Ca(III)  species  in 
low  temperature  chloroalumlnate  melts,  glassy  carbon,  tungsten  and 
platinum  working  electrodes  were  employed.  However,  the  best 
electrochemical  responses  were  achieved  at  platinum.  Thus,  similar  to 
the  case  for  Al  in  acidic  and  basic  chloroalumlnates ,  It  appears  that 
Ga  may  be  deposited  from  acidic  gallium  species  but  not  from  the  basic 
complexes  whtcli  form  in  the  presence  of  an  excess  of  Cl  ion  in  these 
sys  terns . 

Anodization  of  a  pure  gallium  electrode  can  be  used  to  determine 
the  standard  reduction  potential,  Ec,  of  the  Ca(l)/Ga(0)  couple.  The 
Nernst  plot,  shown  In  Figure  1,  was  obtained  by  varying  the  Ca( I) 
activity,  produced  by  anodization  of  Ga  at  low  current  densities  in  a 
1.5:1  A1C1j:BPC  melt,  and  measuring  the  emf  of  the  Ca(I)/Ga(0)  half¬ 
cell  vs.  Al(2:l)  reference  electrode.  The  least  squares  slope  was 
calculated  to  be  59  ±  2  mV  (theory  value  for  n  =  1  at  35°C  is  61  mV) 
and  the  Intercept  value  for  the  standard  electrode  potential  on  the 
mole  fraction  scale  is  EQ  =  0.339  t  0.005  V  vs.  Al  (2:1)  reference. 
This  value  may  be  compared  to  the  EQ  value  of  0.199  V  obtained  at 
135°C  for  Ga(I)/Ga(0)  in  a  ternary  A1C1 j-NaCl-KCl  melt  (3).  No 
corrections  for  liquid  junction  potentials  (likely  insignificant),  nor 
reference  electrode  temperature  differences  are  available. 

The  form  of  the  Ga(I)  ion  species  also  may  be  studied  with 
potent  lometry  by  varying  the  Lewis  acidity  (Cl  ion  activity)  of  the 
melt.  Note  that  the  above  Nernst  plot  of  Ga(l)/Ga(0)  was  uncorrected 
for  any  melt  acidity  change  for  the  Ga(l)  ion  mole  fraction  range  3.27 
x  10"'*  to  2.04  x  10"-.  Such  a  correction  requires  a  knowledge  of  the 
competitive  equilibria  with  free  melt  Cl"  ion  i , .  Lite  acidic  regime  auu 
the  implicit  assumption  Is  that  the  Ga(l)  is  essentially  noncomplexed . 
Potent lometric  titrations  of  AlCl3:BPC  melts  containing  a  fixed  Ga(I) 
mole  fraction  were  performed  by  addition  of  BPC.  The  potent lometric 
measurements  involving  the  Ga(I)/Ga(0)  couple  were  carried  out  using 
the  cell  formally  depicted  by 

A 1 1  (  2 : 1 )  A1CU:BPC|  fritted  disk ] A1C1 j : BPC ,  Ca(I)|Ca(0) 

Eraf  measurements  were  made  versus  an  Al  (2:1)  reference  as  a  function 
of  melt  composition  with  a  high  impedance  voltmeter.  Typical  data  are 
illustrated  in  Figure  2.  It  may  be  noted  that  in  the  acidic 
composition  range  the  Ga(I)  ion  potential  is  practically  unaffected  by 
the  melt  acidity  which  may  mean  that  Ga(l)  is  noncomplexed  or  in  a 
complex  form  which  does  not  vary  with  the  melt  acidity. 

The  format i^n^of  various  types  of  mononuclear  chloro  complex  ions 
of  the  type  GaCl  was  considered  in  the  basic  composition  regime. 
Information  concerning  the  identity  and  stability  of  these  complex 
ions  can  be  obtained  by  curve  fitting  basic  melt  titration  data  to  the 
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E  =  E  +  (RT/F)  lnX  1-m  +  (RT/F)lnK  -  (mRT/F)lnX  - 
o  Odd  d 

ra 

where  the  equilibrium  constant,  K,  is  defined  by 
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/  X. 
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Ej,  the  cell  liquid  junction  potential,  can  be  assumed  small  and 
neglected.  The  Ga(I)  ion  mole  fraction  in  the  basic  composition  range 
can  be  calculated  at  each  of  the  measured  emf  values  from  the  Nernst 
equation , 


E  =  E0  +  (RT/F)  In  aCa(I) 

using  the  standard  electrode  potential  and  assuming  that  the  activity 
of  Ga(I)  approximates  the  mole  fraction  of  Ga(I).  Representative  data 
associated  with  the  Ion  mole  fractions  for  the  potentlometric 
titration  of  Ga(I)  are  contained  In  Tables  T  and  II.  Analysis  of  the 
potentlometric  titration  data  indicated  that  Ca(I)  Is  complexed  mainly 
as  CaCl2~  Ion  In  the  basic  melt. 

Table  I  contains  data  obtained  after  the  reduction  of  Ga (III)  to 
Ga(t)  In  an  Initial  1.5:1  AlCljiBPC  melt.  The  data  contained  in  Table 
II  was  obtained  after  the  anodization  of  a  gallium  electrode  In  a 
1.25:1  A1C1j;BPC  melt,  to  produce  Ga(I).  Figure  3  contains  a  plot  of 
E  vs.  log  X^-j-  constructed  from  the  data  shown  in  Tables  1  and  II 
(Indicating  a  second-power  dependence  on  chloride  ion).  For  the  basic 
emf  values  obtained  from  Table  I,  a  graph  of  emf  vs.  log  X^-  gave  a 
line  of  slope  0.110  ±  0.01  V  (theory  value  at  35°C  is  0.122  V)  with  a 
correlation  coefficient  of  0.95.  The  least  squares  slope  of  the  data 
from  Table  II,  plotted  In  Figure  3,  is  0.106  *  0.008  V  (theory  value 
at  40°C  Is  0.124  V)  with  a  correlation  coefficient  of  0.99.  Deviation 
from  ideality  with  respect  to  the  second-power  dependence  on  Cl-  Ion 
mole  fraction  might  arise  from  an  Inadequate  model  or  the  presence  of 
adventitious  oxidants.  The  presence  of  these  oxidants  caused 
difficulties  in  obtaining  accurate  emf  values,  however,  it  Is 
reasonable  to  infer  from  these  results  that  GaCl  Ion  is  the 
predominant  species  in  the  basic  regime. 

Voltammetrlc  Investigations 

As  mentioned  above,  platinum  proved  to  be  the  best  substrate 
electrode  material  for  resolving  voltammetrlc  waves.  Unf or tunatelv , 
as  reported  earlier  (7),  even  with  platinum,  the  reduction  waves 
Ga( 1 1 1 )/Ga( I)  and  Ga(I)/Ga(0)  had  quasi-reverslble  characteristics  and 
showed  evidence  of  complications  as  a  function  of  acidity  in  the  1:1 
to  2:1  melt  composition  range. 

Cyclic  voltammetrlc  studies  also  have  been  performed  using  Aid  i: 
l-methyl-3-ethyllraidazollum  chloride  (MF.IC)  melts  at  various  melt 
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compositions.  The  Ca(III),  added  as  GaCl3  to  the  AlCliiMEIC  roelt6, 
exhibited  behavior  similar  to  that  obtained  when  added  to  AlCl3;BPC 
melts.  Two  poorly  defined  reduction  waves,  Ga ( 1 1 1 )/Ga( I )  (or  Ga(0)) 
reduction  followed  by  Ga(I)/Ga(0)  reduction,  occur  in  the  acidic 
regime.  However,  an  oxidation  peak  in  the  acidic  AICI31MEIC  melts,  at 
approximately  +1.3  V  vs.  A1  (1.5:1)  reference  (Figure  A)  is  sharper 
than  the  oxidation  peak  in  the  corresponding  AlCl3:BPC  melts.  The 
sharp  anodic  peak  at  circa  +1.3  V  presumably  is  the  Ga(0)  stripping 
peak  and  the  shoulder  at  positive  potentials  may  be  due  to 
Ga(I)/Ga(IIl)  oxidation.  Especially  at  scan  rates  below  100  mV/s, 
stripping  peaks  were  obtained  which  possessed  shoulders.  Broad 
stripping  peaks  or  stripping  peaks  with  shoulders  are  likely  to  be 
indicative  of  composite  behavior  of  two  or  more  species  being 
oxidised.  The  consequence  of  slow  electron  transfer  kinetics  has 
meant  that  a  large  excess  of  gallium  species  over  arsenic  species  is 
required  to  obtain  codeposited  films  of  GaAs .  For  this  reason,  we 
have  recently  commenced  a  study  of  chlorogallate  melts  from  which,  it 
is  hoped,  more  favorable  electron  transfer  kinetics  can  be  achieved 

(ii). 

Aluminum  Underpotentlal  Deposition 

A  second  reason  to  use  chlorogallate  media  would  be  to  reduce  the 
possibility  of  unwanted  A1  codeposition,  possibly  as  AlAs,  in  CaAs 
films.  Deposition  of  metals  at  potentials  more  positive  than  their 
thermodynamic  reversible  potentials  Is  a  phenomenon  termed 
underpotential  deposition  (UPD).  This  phenomenon  precedes  the  bulk 
deposition  of  the  metal,  which  occurs  negative  to  the  reversible 
potential.  Metal  ton  adsorption  occurs  In  an  area  described  as  the 
underpotentlal  range,  which  may  extend  over  a  potential  of  a  few 
hundred  millivolts  positive  of  the  equilibrium  potential.  The 
underpotentlal,  F-u,  may  be  expressed  by 

Eu  J  E0  +  CRT/zF ) In  aMz+/aM 

In  this  expression,  FQ  is  the  equilibrium  potential  of  the  deposited 
metal-metal  Ion  electrode. 


The  deposition  of  a  metal  at  potentials  significantly  positive  to 
that  of  bulk  deposition  has  been  observed  in  aqueous  systems  for 
Ag(I),  T1(I)  and  Cu(II),  e.g.  (12),  on  Au.  In  addition,  this  same 
phenomenon  Is  well  known  with  regards  to  the  formation  of  monolayers 
of  atomic  hydrogen  on  Ir,  Pt  and  Rh  electrodes  (13).  Similar  behavior 
occurs  In  molten  salt  systems.  For  example,  using  a  LiCl-KCl  molten 
salt  systems,  Schmidt  Investigated  the  deposition  of  Ag(I),  Cd(II), 
Ni(II)  and  Pb ( II)  ions  and  briefly  addressed  monolayer  formation 
processes  (14).  Hills  et  al.  have  studied  the  deposition  of  Ag  and  N1 
on  Pt  from  the  LiCl-KCl  eutectic  at  400°C  (15)  and  they  observed 
predeposition  of  N1  at  0.5  V  positive  to  the  equilibrium  potential, 
and  predeposltlon  of  Ag  at  0.1  V  positive  to  the  reversible  potential. 


During  investigations  of  the  electrochemistry  of  gallium  in  the 
room  temperature  chloroaluminate  melts,  cyclic  vol tammograras  were 
obtained  that  perhaps  indicate  the  presence  of  the  UVD  phenomenon. 
Figure  5  contains  a  voltammogram  of  Ca(III)  at  a  slow  scan  rate  (5 
mV/s)  in  a  very  acidic,  AlCl3:BPC  melt.  After  the  second  reduction 
wave,  Ga(l)  Ga(0),  a  third,  sharp  reduction  wave  was  obtained.  This 
reduction  peak  at  circa  +0.16  V  vs.  A1  (2:1)  reference  is  presumably 
the  underpotential  deposition  of  A1  onto  Ga .  After  reversing  the 
direction  of  the  voltammetric  sweep,  an  anodic  peak  (A1  stripping)  was 
obtained  at  approximately  +0.24  V.  Successive  scans  past  0.0  V  showed 
that  bulk  deposition  of  Al  occurred  at  potentials  near  “0.1  V  vs.  A1 
(2:1)  reference.  Thus,  the  underpotential  deposition  occurs  at  a 
potential  about  150  mV  positive  of  the  equilibrium  potential. 
Integration  of  the  currents,  for  the  UPD  of  Al  and  the  subsequent 
stripping,  showed  that  the5  charge  for  Al  predeposition  on  the  cathodic 
sweep  is  nearly  equal  to  the  charge  on  the  anodic  sweep.  The  UPD 
phenomenon  has  been  explained  in  terms  of  the  existence  of  stronger 
attractive  forces  between  atoms  of  the  depositing  metal  and  foreign 
atoms  of  a  substrate  than  between  similar  atoms  of  the  'ulk  metal 
(16).  It  is  difficult  to  state  if  a  CaAl  intermetal  lie  compound  is 
responsible  for  this  effect.  This  appears  to  be  the  first  reported 
case  for  aluminum  underpotential  deposition. 
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Table  X_.  Ion  Mole  Fractions  and  Potentials  for  Titration  of  4.64  x 
10~3  M  Ca( I )  In  a  1.5:1  AlCl3:BPC  Melt  at  35°C. 


E,  V  Ga(I)  Cl  In  excess  to  1:1  CaCli”  Cl 


-0.963 

5.21 

X 

IO"22 

1.63 

X 

10"2 

4.39 

X 

10— 

1.55 

X 

10"2 

-0.968 

4.28 

X 

io"22 

3.99 

X 

io"2 

4.28 

X 

io— 

3.90 

X 

10"  2 

-1.026 

4.76 

X 

10"23 

7.23 

X 

10"2 

4.14 

X 

10~4 

7.15 

X 

10" 

-1.049 

2.02 

X 

10"  2  3 

1.11 

X 

10"  1 

3.97 

X 

10— 

1.11 

X 

10"  1 

-1.065 

L.12 

X 

10"23 

1.64 

X 

10"  1 

3.73 

X 

IO"1 

1.63 

X 

10"  : 

a)  Excess  chloride  Ion  fraction  less  the  amount  eoraplexed  with  Ga(I). 


Table  II *  Potentials  and  Ion  Mole  Fractions  for  Titration  of  5.93  x 


10  2  M  Ca( I) 

In  a  1.25:1  AlClcBPC  Melt  at  40°C. 

E,  V 

Ga(I)  Cl  In  excess  to  1:1  CaCl^" 

Cl"  a 

-0.920 

2.57 

X 

10"2  1 

1.02 

X 

10"  2 

6.01 

X 

10"  3 

6.16 

X 

10"  3 

-0.983 

2.32 

X 

10"22 

2.94 

X 

io"2 

5.94 

X 

10"  3 

1.75 

X 

10"  2 

-1.002 

1.15 

X 

10"22 

4.53 

X 

10"  2 

5.88 

X 

10"  3 

3.33 

X 

10"  2 

-1.021 

5.69 

X 

IO"23 

6.54 

X 

10"2 

5.72 

X 

10"  3 

5.39 

X 

10"  2 

-1.037 

3.069 

X 

IO"23 

8.90 

X 

10"  2 

5.58 

X 

10"  3 

7.78 

X 

10"-’ 

-1.054 

1.65 

X 

IO"23 

1.06 

X 

10"  1 

5.47 

X 

10"  3 

9.52 

X 

10"  ’ 

a)  Excess  chloride  Ion  fraction  less  the  amount  complexed  with  Ca(I) 
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Figure  3.  Variation  of  the  cell  potential  with  the  calculated 
chloride  ton  mole  fraction  In  basic  AlClj:BPC. 

(A)  Basic  eraf  values  at  35“C,  Ga(I)  produced  by 
reduction  of  Ga(lII). 

(•)  Baste  eraf  values  at  40°C,  Ga(l)  produced  by 
anodization  of  Ca(C)  working  electrode. 


Figure  4.  CV  of  -30  mM  Ga(IIl)  at  30  raV/s,  W  electrode  area 
7.06  mra%  In  (1.1:1)  AlCli:MEIC,  25°C. 


ON  THE  INITITATION  OF  ANODE  EFFECT  IN  CHLORIDE  MELTS 


Ulf  Erikson  and  Reidar  Tunold 


Institutt  for  Teknisk  Elektrokjemi 
Norges  Tekniske  Hsgskole  (NTH) 
Universitetet  i  Trondheim 
7034  NTH,  NORWAY 


ABSTRACT 

The  gas  evolution  process  and  the  initiation  of  anode 
effect  (AE)  have  been  studied  in  chloride  melts 
on  different  shapes  of  electrodes  made  of  various 
materials.  The  critical  cd  (ccd)  has  been 
determined  as  a  function  of  composition.  The  value 
of  ccd  varied  from  about  1  A  cm-2  in  pure  NaCl  melts 
to  20-35  A  cm-2  in  melts  containing  20-30wt%  MgCl2. 

The  formation  and  detachment  of  bubbles  have  been 
studied  by  visual  inspection  and  by  short  film 
sequences. 

A  mechanism  for  the  initiation  of  anode  effect  is 
proposed. 


INTRODUCTION 

The  anode  effect  (AE)  which  manifests  itself  as  a  blocking  of  the 
anode  surface  inhibiting  current  transfer,  is  a  well-known  phenomenon 
especially  occurring  in  molten  salt  systems  such  as  in 
cryolite/alumina  and  other  halide  based  melts.  It  is  even  found  in 
aqueous  solutions  where  it  also  occurs  in  connection  with  the  cathodic 
hydrogen  evolution,  making  this  phenomenon  a  general  electrode  effect. 
The  mechanism  for  initiation  of  AE  may  however  be  different  in 
different  systems.  Several  possible  causes  for  AE  have  been  proposed, 
which  can  be  summarized  briefly  as  follows: 

i)  Formation  of  an  insulating  solid  compound  on  the  anode  surface 

(1-4) 

ii)  Deteriorating  wettability  between  the  anode  and  the  melt  due  to: 
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a)  changes  in  surface  tension  (5,6) 

b)  formation  of  surface-compounds  (7-12)  or  uaseous  anode 
products  (13,14) 

iiiJMass  transfer  problems  due  to 

a)  transport  of  gas  bubbles  away  from  the  anode  surface 
becoming  rate  controlling,  resulting  in  gas  blanketing  of 
the  surface  (15,16) 

b )  spontaneous  formation  of  a  gas  film  from  a  supersaturated 
melt  in  the  vicinity  of  the  anode  surface  (17,18) 

iv)  Electrostatic  attraction  of  negatively  charged  gas  bubbles  to  the 
anode  (19,20) 

v)  Thermal  effects,  IR-heating  of  the  anode/electrolyte  interface 
resulting  in  vapourization  of  the  electrolyte  close  to  the  anode 
(21). 

A  main  problem  in  proposing  a  comprehensive  theory  is  the  rather  large 
differences  in  critical  cds  observed  in  different  melts,  from  about 
0.1  A  cm-2  in  some  fluoride  melts  (22)  to  20-35  A  cm-2  in  some 
chloride  melts  and  in  aqueous  solutions,  as  found  in  the  present 
investigation. 

In  the  present  work  we  have  studied  AE  in  chloride  melts.  The  critical 
cd  for  the  onset  of  AE  has  been  studied  as  a  function  of  the 
MgCl2-content  in  the  binary  mixture  with  NaCl  and  in  quaternary 
mixtures  with  NaCl  KC1  and  CaCl2  in  the  temperature  range  of 
750-830°C.  The  gas  evolution  process  including  bubble  formation  and 
detachment,  and  the  formation  of  a  gas  film,  was  studied  visually  and 
by  making  film  sequences.  A  mechanism  for  the  initiation  of  AE  is 
proposed. 


EXPERIMENTAL 

Cell,  melts  and  electrodes 

Most  of  the  experiments  were  carried  out  in  a  transparent  gold  film 
silica  furnace  (Trans  Temp.  Inc.,  USA). 

Alkali  chlorides  were  purified  by  heating  in  vacuum,  melting  and 
recrystallization.  Magnesium  chloride  and  calcium  chloride  were 
heated  by  slowly  increasing  the  temperature  to  about  400°C  in 
HCl-atmosphere.  The  magnesium  chloride  was  thereafter  distilled  in 
vacuum.  Calcium  chloride  was  finally  melted  under  HC1  atmosphere  and 
then  filtrated  through  a  silica  frit.  All  handling  of  the  purified 
salts  was  performed  in  a  dry  box  atmosphere.  The  final  salt  mixture 
was  contained  in  a  transparent  silica-tube  (55  mm  <l>)  with  bottom. 
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The  following  types  of  anodes  were  used: 


-  Spectrographic  graphite,  Grade  II  (4.56  mm  4>)  from  Johnson,  Matthey 
Chemical  Ltd.,  England,  encapsulated  in  boron  nitride.  These 
electrodes  were  conically  shaped  with  the  active  anode  area  facing 
downwards  and  with  a  typical  area  of  0.5  cm2 

-  Glassy  carbon  rods,  3mm  <t>,  type  GC-30  from  Tokai  Carbon  Co.,  Ltd., 
Japan 

-  Spectrographic  graphite  rods,  same  quality  as  above 

-  A  tungsten  rod,  1.8  mm  <t  (99.9%  purity),  from  Tungsten  Manufacturing 
Co.  Ltd.,  England 

As  a  counter  electrode,  a  Mg/Ni  alloy  rod  shielded  by  a  quartz  tube 
was  employed. 

Measuring  procedures 

The  ccd  was  measured  by  using  a  voltage  sweep  method  at  two  different 
sweep-rates,  v  =  0.33  Vs'1  and  v  =  3.44  Vs'1. 

Occasionally  a  "semi-potentiostatic"  method  was  employed,  where  the 
cell  voltage  was  kept  constant  allowing  the  cell  current  to  stabilize 
before  proceeding  to  a  higher  voltage. 

The  gas  evolution  process  and  the  onset  of  AE  was  filmed  by  a  16  mm 
movie  camera. 

Melt  samples  were  taken  after  each  addition  of  MgCl2  and  analyzed  by 
atomic  absorption  spectrometry. 


RESULTS  AND  DISCUSSION 
The  critical  cd 


Values  for  the  critical  cd  as  a  function  of  MgCl2-content  are  shown  in 
Fig.  1  and  2,  measured  by  the  voltage  sweep  method.  In  Fig.  1  results 
from  the  measurements  in  the  binary  system  MgCl^-NaCl  are  shown.  The 
ccd  seems  to  increase  from  values  of  1-4  A  cm'2  in  pure  NaCl  to  about 
30  A  cm'2  at  25  wt%  MgCl^,  with  no  further  increase  at  higher  content. 
The  same  general  trend  is  found  in  the  quaternary  system  as  shown  in 
Fig.  2,  but  with  a  somewhat  lower  ccd.  The  reproducibility  of  the 
current  values  at  different  electrodes  was  not  good  and  was  even 
slightly  worse  at  lower  sweep  rates.  At  lower  sweep  rates  the 
measured  ccds  were  somewhat  reduced. 

The  main  difference  between  the  pure  alkali  chloride  melts  (and  in 
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mixtures  with  CaCl,)  and  melts  with  MgCl,,  is  the  interfacial  tension 
which  is  reduced  by  adding  MqC'  to  tne  melts.  Pure  CaCl,  has  a 
surface  tension  of  147  dyn  cm'*  a*t  SCO0''  and  pure  NaCI  116  dyn  cm-1 
(T=850°C) ,whereas  the  surface  tension  of  MgCl2  is  62  dyn  cm'*  (23). 
The  contact  angle  between  a  graphite  surface  and  chlorine  bubbles  in 
molten  chlorides  have  been  determined  to  120  -  175°C  in  pure  :.’aci  ana 
to  36  -  40°C  in  pure  MgCl2  (24).  This  means  that  the  melt  is  wetting 

the  surface  better  the  more  MgCl2  is  added,  leading  to  smaller  contact 

angles  between  the  electrode  and  the  gas  bubbles  and  therefore  to 
smaller  bubbles. 

Visual  observations 

Visual  observations  reveal  large  -if  ierc.-.ces  in  the  gas  evolution 
process  in  NaCI  melts  and  in  melts  with  low  MgCl2  content,  compared 

with  melts  with  more  than  about  5  wt%  of  MgCl2.  The  difference  is 

shown  in  Fig.  3  and  4.  The  effect  of  anode  geometry  is  also 
pronounced. 

Gas  evolution  and  the  initiation  of  AE  on  rod-shaped  anodes 

Visual  observations  show  that  the  gas  evolution  process  in  pure  NaCI 
and  in  melts  with  a  low  MgCl2-content  (<=5  wt|)  is  distinctly 
different  from  how  it  appears  in  melts  with  higher  MgCl2-content,  as 
shown  in  Fig.  3  compared  to  Fig.  4.  The  arrows  in  the  figures 
indicate  bubble  movements.  The  numbers  (1)  to  (3)  are  showing  stages 
in  the  gas  evolution  process  during  a  continuously  increasing  cell 
voltage /current  sweep. 

Fig.  3  shows  gas  evolution  in  pure  NaCI. 

(1) :  The  gas  evolution  has  started  and  a  few  bubbles  coalesce.  The 

bubbles,  having  a  large  contact  area  with  the  anode,  are 
nonsymmetrical  and  rather  flat.  This  means  the  contact  angle  e 
is  large  (see  Fig.  5).  No  bubbles  leave  the  anode  surface 
directly,  but  move  upwards  in  a  "creeping"  manner  still 
adhering  to  the  electrode,  until  they  meet  the  boundary 
atmosphere/melt,  where  they  disappear  into  the  gas  phase. 

(2) :  The  situation  is  similar  except  that  the  cd  (and  cell  voltage) 

is  higher,  giving  a  faster  growth  of  the  bubbles.  At  the  same 
time  more  bubbles  coalesce,  giving  as  a  total  effect,  an 
increasingly  larger  area  covered  by  gas  bubbles. 

(3) :  Ultimately  a  few  large  bubbles  coalesce  suddenly,  resulting  in 

AE.  A  thin  continuous  gas  film  covering  the  entire  anode 
surface  appears.  The  current  immediately  drops  to  a  very 
small  value  of  about  0.01  A  cm'2.  The  ccd  in  such  cases  is  1-3 
A  cm'2. 


In  fig.  4,  5-10  wt%  MgCl2  has  been  added  to  the  melt. 

(1) :  The  reaction  has  started,  producing  small  circular  bubbles 

having  a  much  smaller  contact  area  with  the  anode  than  the 
bubbles  in  fig.  3.  This  is  probably  due  to  the  improved 
wetting  conditions  at  the  melt/anode-ir.terface,  resulting  in  a 
smaller  contact  angle  9  {Fig.  5). 

At  this  stage  (i.e.  at  low  cd)  the  bubbles  move  upwards  on 
the  surface  and  a  few  coalesce,  still  adhering  to  the 

electrode. 

(2) :  When  the  cd  is  increased,  more  and  more  bubbles  start  to  leave 

the  electrode  surface  directly  to  the  melt. 

(3) :  After  a  while  the  gas  evolution  process  becomes  quite  vigorous 

at  very  high  cds.  Then,  suddenly,  the  gas  evolution  stops  and 
a  thin  gas  film  is  observed  at  the  ar.cde  surface, 

corresponding  to  the  onset  of  AE.  The  cod  in  this  case  is 

very  high,  =  10-35  A  cm-2. 

The  interfacial  potential  seems  to  stabilize  the  gas  film.  When  the 
potential  sweep  is  reversed  to  a  value  somewhat  lower  than  the  voltage 
at  the  moment  of  initiation,  the  gas  film  disappears  and  normal  gas 
evolution  starts.  The  film  vanishes  from  the  lower  end  of  the 
electrode  and  upwards,  during  a  period  of  one  to  two  seconds. 


Conically  shaped  anodes,  encapsulated  in  boron  nitride 

Figure  6  shows  a  corresponding  sequence  from  (1)  to  (3)  as  in  Fig.  3 
observed  in  melts  with  a  low  MgCl2  content. 

In  this  case,  however,  the  interface  boron  nitride/graphite  seems  to 
hinder  the  upward  motion  of  the  bubbles.  Ultimately  a  few  large 
bubbles  coalesce,  forming  one  large  bubble  covering  the  entire  anode 
surface.  This  bubble  remains  at  the  electrode  in  the  same  way  as  the 
gas  film  observed  on  rod  shaped  electrodes,  until  the  voltage  is 
reduced  to  a  value  below  the  critical  cell  voltage  necessary  for 
inititating  AE.  Then  the  gas  evolution  will  start  as  prior  to  AE. 

At  higher  MgCl2-content  (>=5  wt%)  gas  bubbles  will  leave  also  this 
electrode  directly  to  the  melt.  The  critical  cd  is  very  high  (10-35  A 
cm-2)  and  the  gas  evolution  becomes  vigorous.  The  detachment  of 
bubbles,  however,  seems  not  to  be  hindered  by  the  edge  between  the 
graphite  and  the  encapsulation.  The  AE  occurs  in  the  same  manner  as 
with  the  rod  shaped  electrodes.  A  thin  gas  film  is  formed 
spontaneously  with  a  corresponding  abrupt  fall  in  the  cd. 
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Changes  of  electrode  materials  and  electrolyte 
Tungsten  anode 

When  using  a  tungsten  rod  as  an  anode  in  the  chloride  melt,  the  same 
development  of  AE  was  observed  as  with  graphite  rod  electrodes.  Gas 
evolution  took  place  at  the  same  time  as  tungsten  dissolved 
anodicaliy.  The  total  ccd  was  about  15  A  cm'2  in  a  HaCl-MgCl2  melt 
containing  10  wt%  MgCl2  In  this  value  the  anodic  dissolution  current 
is  also  included.  This  means  that  the  mechanism  of  the  AE  is  probably 
independent  of  the  electrode  material. 

Aqueous  solutions 

The  anode  (electrode)  effect  was  also  studied  in  an  alkaline  aqueous 
solution  where  oxygen  was  evolved  on  a  conically  shaped  graphite 
electrode  encapsulated  in  boron  nitride  and  a  Pt  wire  electrode.  The 
critical  cd  was  very  high,  30-40  A  cm'2,  on  both  types  of  electrodes. 
Very  small  bubbles  were  detached  from  the  electrode  surface  in  the 
same  manner  as  shown  in  Fig.  4.  The  gas  evolution  became  very  vigorous 
with  increasing  cd.  No  large  bubbles  could  be  observed  on  the  surface 
before  the  anode  effect  took  place.  The  anode  effect  was  initiated 
very  suddenly  also  in  this  case.  In  case  of  the  encapsulated  graphite 
electrode  one  large  bubble  covering  the  whole  surface  was  formed.  Cn. 
the  Pt  wire  AE  resulted  in  a  thin  gas  film,  as  on  the  graphite  rod 
electrode  in  the  melt. 

That  this  film  really  was  a  hydrogen  film  and  not  water  vapour  could 
be  seen  by  the  fact  that  the  film  was  stable  while  the  potential  was 
kept  constant  or  increased.  With  the  reduced  heating  any  water  vapour 
should  then  condense.  When  reducing  the  potential,  the  film 
disappeared  in  the  same  way  as  in  the  molten  salt  systems. 


GENERAL  DISCUSSION 

If  only  physical  properties  of  the  electrode/electrolyte  interface  are 
determining  the  initiation  of  AE,  one  should  anticipate  rather 
reproducible  ccds.  It  seems,  however,  that  the  ccd  is  rather 
irreproducible  and  that  geometrical  factors  are  participating.  This 
indicates  that  the  gas  evolution  process  ar.d  the  detachment  of  bubbles 
are  the  main  determining  factors. 

We  have  earlier  shown  that  AE  can  occur  during  very  high  current 
pulses  before  any  bubble  formation  (17).  Ir.  that  case  a  thin  gas  film 
is  probably  formed  from  the  supersaturated  melt  in  the  vicinity  of  the 
interface.  Calculations  have  shown  that  in  such  a  transient, 
concentration  of  chlorine  might  become  thousand  to  ten  thousand  tir.es 
the  equilibrium  saturation  value  in  a  film  of  thickness  lO"’  cm.  A  gas 
film  from  such  a  layer  would  have  a  volume  that  is 
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about  ten  times  the  corresponding  melt  volume  (17). 

In  melts  with  good  wetting  properties,  i.e.  in  melts  with  a  high 
content  of  MgCl2,  there  seem  to  be  r.o  large  effects  of  geometry. 
Bubbles  detach  readily  from  the  surface.  The  active  surface  becomes 
smaller  with  increasing  cd  due  to  the  increasing  amount  of  bubbles  on 
the  surface.  At  the  onset  of  AE  a  gas  film  is  suddenly  formed  at  the 
active  surface  area,  covering  the  whole  electrode.  In  this  case  the 
ccd  is  very  high. 

In  melts  with  inferior  wetting  properties  the  bubbles  stick  to  the 
electrode  and  coalesce  to  large  bubbles  with  irregular  shapes  and 
which  move  along  the  electrode  surface,  adhering  to  it.  The  movements 
of  the  bubbles  will  depend  on  geometrical  factors.  The  active  area 
becomes  very  small  with  increasing  current  and  AE  occurs  either  by  the 
coalescence  of  all  existing  bubbles  or  also  here,  by  the  sudden 
formation  of  a  gas  film  from  the  supersaturated  melt  between  the 
bubble^.  This  effect  will  bring  about  total  coalescence  of  all 
bubbles. 

If  the  active  electrode  surface  continues  into  the  atmosphere,  the 
bubbles  disappear  into  the  gas  phase  and  only  a  thin  gas  film  is 
retained  at  the  electrode.  If  an  edge  or  another  obstacle  hinders  the 
bubble  movement,  the  electrode  seems  to  be  covered  by  a  gas  blanket. 
This  probably  also  depends  on  the  size  of  the  electrode. 


CONCLUSIONS 

The  critical  cd  for  the  initiation  of  anode  effect  depends  on  the 
wetting  properties  of  the  melt/electrode  interface,  being  large  in 
melts  with  good  wetting  properties  and  rather  small  in  melts  with  high 
interfacial  tensions. 

The  wetting  properties  as  well  as  geometrical  factors,  decide  the  size 
of  gas  bubbles  and  the  coalescence,  detachment  and  transport  of 
bubbles  away  from  the  surface.  The  AE  is  probably  created  by  the 
sudden  formation  of  a  gas  film  from  the  supersaturated  melt.  The 
magnitude  of  the  ccd  then  depends  on  the  active,  bubble  free 
interface. 
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vt%  MgCl2 

Figure  1 . 

Critical  Current  Density  (.CCD)  vs 
MgC i ?  Content,  Binary  System 
NaCl-MgCl.,,  Voltage  Sweep 
Measurements,  v=3.44  V  s”1, 

T  -  830  ±  5 °C. 
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Ml  121  (3) 


Figure  3. 

Gas  Evolution  on  a  Rod  Shaped 
Anode  in  Pure  N'aCl ,  Low  CCD. 
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Figure  2. 

CCD  vs  MgC I  Content,  Quaternary 
System  X.iCl  -KC 1  -CaCl  ,-MgCl  Vyltage 
Sweep  Measurements,  v«  3 . 4-4**  Vs  , 

T  =  7  30° C . 


Figure  4. 

('.as  Evolution  in  MgCl  ,,-NaC  1  Melt, 
High  CCD.  "  “ 
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Figure  5. 

Gas  Bubble  and  Contact  Angle, 

Me l t/Sol id/Gas  in  Melts  with 

a)  Good  Wetting  Properties, 

b)  Inferior  Wetting  Properties. 
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Figure  6. 

Gas  Evolution  on  Conically  Shaped 
Anodes  Encapsulated  in  Boron 
Nitride,  in  Melts  without  MgC 1 n 
or  with  a  l.ow  MgCl  , -Content . 
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and  species  identification.  The  systems  considered 
include  molten  nitrates,  oxygen  anions,  the  stabilization 
of  silver  ions  in  melts  and  the  chemistry  of  aluminum, 
zinc  and  antimony  chloride  systems. 


MOLTEN  NITRATES 

The  oxidative  power  of  molten  alkali  nitrates  is  well 
known;  it  suggests  that  few  metals  or  non-metals  should 
be  stable  in  contact  with  the  melts,  and  it  is  consistent 
with  their  decomposition  into  oxygen  and  nitrite  at 
moderate  temperatures  with  some  peroxide  formation  at 
higher  temperatur-  (1).  It  was  r.c  surprise  therefore  to 
find  nitrate  as  one  electroreduction  product  of  alkali 
nitrates  (2),  but  what  else  was  produced  was  not  so 
obvious.  Hittorf  in  1847  (3)  proposed  that  peroxide  was 
formed  at  platinum  electrodes  in  sodium  and  potassium 
nitrates.  Several  groups  observed  the  inhibition  of 
electro-reduction  of  nitrate  in  lithium-  or  sodium-based 
melts  and  ascribed  it  to  alkali  monoxide  precipitation 
(2,4,5).  Eventually,  Zambonin  and  Jordan  (6,7) 
identified  peroxide  and  superoxide  in  addition  to  nitrite 
in  electrolysed  NaNOg-KNOg,  provided  the  melts  were  dry, 
and  suggested  that  water  catalysed  the  reduction  of 
nitrate  in  wet  melts.  NOg  (or  N2O4)  has  not  been 
isolated  in  mo1ten  nitrate  reductions. 

The  oxygen  chemistry  of  the  alkali  metals  features 
LigO,  Na2C>2  and  KO2  as  the  most  stable  compounds,  with 
Li2C>2  and  Na20  also  being  formed  on  burning  the  metals  in 
air.  Na20  (and  K2O)  are  best  obtained  by  the  reduction 
with  Na (K )  of  the  peroxide,  hydroxide  or  nitrite. 

Voltammetric  studies  of  water  and  several  metal  ions 
(e.g.  Pb^  +  J  in  solution  in  alkali  nitrates  show  reduction 
waves  prior  to  the  solvent  wave.  The  reduction  currents 
are  proportional  to  solution  concentration,  but  the 
temperature  dependence  of  these  currents  (8)  indicates  a 
process  with  activation  energy  comparable  to  that  of  the 
solvent  reduction  (2,4).  The  original  assumption  was 
that  water  was  reduced  to  hydrogen,  but  that  metal  ions 
were  reduced  to  metal  which  then  reacted  with  the  nitrate 
to  yield  metal  oxide  (9)  and  nitrite  (not  identified). 
Attempts  to  anodically  oxidize  such  metals  to  the  ions 
in  solution  failed:  the  metal  grew  an  oxide  coat. 

From  these  summarized  observations  we  can  conclude 
that  the  following  processes  occur  when  molten  nitrates 
are  electrolysed. 


(a)  Nitrate  itself  is  reduced  to  nitrite  and  oxidic 
species  by  one  or  more  of  the  following: 


N03”  +  2e"  - 

— <•  no2  +  O2' 

[1] 

N03'  +  e~  - 

— *»  no2"  +  [o'] 

[2] 

2[0“]  - 

—  o22' 

[3] 

no3"  +  [O-]  — 

- »  N02~  +  02' 

[4] 

2- 

9  _ 

no3  +0  — 

—  N02  +  °2 

[5] 

2N03"  +  022“  - 

2N02"  +  202' 

[6] 

The  observation  that:  (i) 

after  a  bulk  electrolysis 

of 

NaN03-KNC>3,  superoxide  concentration  slowly  increases  at 
the  expense  of  peroxide  (7);  ( i  i )  NaNC>3  electrolysis 
yields  more  peroxide  than  superoxide  and  KNO3 
electrolysis  yields  the  reverse  (10);  and  (iii)  the 
reduction  peaks  occur  at  more  negative  potentials  in  the 
sequence  LiN03-KNC>3,  NaNC>3-KN03,  NaNC>3  (20%  w/w)  in  KNO3 
(11),  make  it  appear  that,  as  in  the  thermal  combustion 
of  the  metals,  02~  formation  is  favoured  by  Li'4' ,  C>22~ 
formation  by  Na+  and  03"  formation  by  K+.  This 
necessarily  implies  that  the  oxidic  species  in  solution 
is  cognizant  of  its  alkali  metal  ion  environment.  One 
could  then  imagine  reactions  [1],  [5]  and  [6]  occurring 

in  mixed  melts,  reaction  [1]  only  in  LiN03  and  reactions 
[2],  [4]  and  (3]  in  KNO3. 

(b)  The  reduction  of  nitrate  is  catalysed  by  species 
which  can  form  stable  insoluble  (e.g.  PbO,  Na20,  L^O)  or 
soluble  (OH-)  oxides: 


N03  +  2e'  +  2Na+  - *•  N02  +  Na2Ol  [7] 

N03”  +  2e'  +  Pb2+  - *  N02_  +  PbO  +  [8] 


N03  +  2e  +  H20  - *■  N02  +  20H  [9] 
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r.oi.o*-  <  on_-  [71,  [3]  an  1  [9!  cou'.’  be  con.il  led  an  n 

cm  ;1'  j  ,ii  i  i  .,n  of  react  >>•:•  (1  ]  follow.?.]  by  "Ajn,  PI)'!  and  0M~ 
formation,  nut  then  Id.  in' out  ia  Is  should  be  identical 
usd  tli  i  s  i  j  not  found.  The  recent  oast u late  of  metal  ion 
calal  ytiic  Cl’  )  i  one:  qet  in!  ly  .ni.uhn  .  It  'tar.  yet  to 
be  dote ruined  how  n.any  reactions  fro..?  t:c!ie...es  (a)  and  (b) 
can  occur  simultaneously,  e.>j.  in  the  nd  rate  peak 
:  .*  on  [7  ]  t  lie  sole  electrode  proc  -  -•  in  a  dry  melt? 

It  is  entail]  i  shed  tint  [7]  and  |9]  „  hot  !■  (nr1?  in  a 
wet  on  j  (2,1,11). 

lie  in;  in  passinj  thrt  l.lmre  ’  , ivi  •  ?:o.is, 

•av  1  espi  t  ■»  '.■.tahlish  i,xyo  ?’i  1,1  ;c'  role  i  :>  .  *.’?  oil  salts 

incjud.inu  chloride-.,  nil  ■  I  •  su "  f  a  t ■  c  -  and 

The  el  C  i  oil-.,  hi;. i-i’i  .->•  i  snl  v'ni'r  .  oa  -  Cly/Cl”, 

*:n?  -i  be/m?}  ,  -i  bo/51042-  and  n?  t  02/C*i2~  have 

I'.i'cn  sh  v.;n  to  fioei  ion  i  01  so on hi  y ,  but  0e/0  "  ? 1 r ct i ode  • 

h  i  e  :  r"’"-e: -  p  ;•  ab  1  •».•>  ;  ana  coot  i  '>v«r  eies ,  ;  ■  3  i  n  1  y 

because  the  cation  role  was  not  always  realized.  Tb  ' 
sunqest  ions  of  Appinby  and  Nicholson  (13)  should  be 
conci  -sJ  for  all  solvents:  the  io  n  i  de ,  yoi'.ix  i-.l.:  or 
stipe  i  >x  i  do  p''  ■  fe  retie  us  of  tine  cations  likely  Jot  cruise 
'either  the  electrode  reaction  or  the  following  die.  :  r  1 1 
ruact' ion,  or  ho?',. 


Am-rwcn  coiiCTPT.d 

Vhe  l.ux-riool  ocid-bar-o  concept  for  o’ton  suit 
fi’M  i  1.  ibr  i  a  is  cun',  red  u,>on  the  idea  of  oxide  ion  as  the 
i  efci'encc  base  and  'tyteiet  such  os  '"?2  +  t  CO2  and  SO3  as 
the  co:  respond) nj  acids  in  oxynn:o:i  ■  r  1  t  ? ,  0.0.: 


It  is  a  portico'  -  r  ■  :<  ;■  A  1  ■  of  I  he  T.u.  i  ,  concept  which 
a'jain  finds  application  in  sin  iinu:.i  halide  ties. cl  syr-t  e..*s  , 
whs  to  A  1C 13  is  the  acid: 

Ai/T  j  +  Cl“  —  t  MC14  ' 

Further,  ox  5  riant.-,  are  of  course  T.ovis  acids  and 
reduce  ri.nl-  ■>  I,o;;i  a  bases.  Tim  difference  between  an  actual 
redox  reaction  and  an  acid-base  react i on  is  then  one  of 
dej,  in? :  in  the  for  no  r  cr.se  electron  transfer  between 
species  is  complete  while  in  tV  latter  0  is. ore  sharinj  01 
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dissociation  constant  of  SbCl3.  It  appears  that  radical 
cation  production  requires  a  lesser  oxidant  than  does 
transalkylation  since  the  latter  occurs  more  readily  in 
the  AlCl3-dominated  system.  Hydride  abstraction,  if  it 
occurs  in  the  latter  case,  does  not  necessitate  the 
formation  of  an  intermediate  such  as  HSbCl3  containing 
H" . 


METAL  ION  STABILIZATION  IN  MELTS 

Many  years  ago  (18)  we  carried  out  or  collected 
together  measurements  of  the  e.m.f.'s  of  cells  such  as 

Ag/AgX  in  MX//AgY  in  MY/Ag  M  =  alkali  metal  (s) 

and  constructed  an  e.m.f.  series  of  anions,  X",Y_. 
Disregarding  the  small  uncertainties  of  liquid  junction 
potentials,  the  e.m.f.'s  may  be  seen  to  express  several 
things:  (a)  *->>«  different  activities  of  silver  ions  in 
the  two  media;  (b)  tne  Gibbs  free  energy  change  (or 
equilibrium  constant)  of  the  exchange  reaction 

MX  +  AgY  MY  +  AgX 

(c)  the  preference  of  Ag+  for  X~  and  Y_;  (d)  the  relative 

"acidity"  or  oxidizing  power  of  Y_  vs.  X”.  The  results 
of  these  measurements  were  a  preference  order  for  Ag+  of 
Cl-  >  CO32-  v  NC>2_  >  S04^_  ^  NC>3“.  The  inclusion  of  cell 
e.m.f.  data  (17)  involving  the  oxidation  of  common  anions 
led  to  the  development  of  a  sequence  of  anion  oxidation 
potentials  in  alkali  metal  salt  melts 

so42~  >  Cl"  -v  no3"  >  co32” 

If  we  extend  the  comparison  of  silver  potentials  to 
the  chloraluminate  systems  we  find  a  20  mv  difference 
between  E°  +  .  values  in  A1C1,}-  and  A12C17-  melts. 

However,  the  A1^+/A1,  Fe^+/Fe^+ ,  Fe^+/Fe,  Cu2+/Cu+  and 
Cu+/Cu  potentials  differ  by  455,  450,  320,  496  and  61  mv, 
respectively  (19),  always  with  the  electrode  in  the 
AI2CI7  system  the  more  positive.  Referring  to  LiCl-KCl 

as  solvent  (20)  we  find  E°  +  ,  -  E°  3  +  ..  =  1.040  v 

Ag  f Ag  ax  t a ± 
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compared  to  1.086  V  for  NaAlCl4  and  E£u+  ~  EAp3+  ai  = 

0.805  V  compared  to  1.073  V  for  NaAlCl4-  Thus  Ag+/Ag  can 
be  considered  a  good  reference  electrode  in  acid-base 
melts  with  Cu+/Cu  a  fair  second  choice.  The  Ag+/Ag 
potential  reflects  only  the  nearest  neighbor's  presence. 
The  usual  bidentate  inclination  of  the  d10  ions  Ag+  and 
Cu+  compared  to  the  tetrahedral  and  higher  coordinations 
of  the  other  ions  is  probably  the  primary  determining 
factor.  The  transition  metal  ions  possess  their  own 
acid-base  character  which  confuses  the  picture. 

Transition  metal  ions  do  offer  probe  characteristics 
because  of  coordination  preference  and  thus  coordination 
detection  through  spectral  (color)  properties.  Co^+  ions 
are  particularly  useful  since  they  take  on  tetrahedral 
(blue),  octahedral  (pink)  or  dodecahedral  (purple) 
coordination  in  various  molten  salts  (21)  whereas  Cr3+ 
ions  either  find  octahedral  sites,  an  unusual  but 
possible  situation  in  LiCl-KCl  (22)  o>  no  sites  as  in 
ZnCl2  where  the  tetrahedral  network  makes  CrCl3  virtually 
insoluble  (23).  One  must  be  careful  to  distinguish 
between  the  behavior  -cits  such  as  AICI3  and  ZnCl2  due 
to  rheir  acidity  and  the  behavior  due  to  their  structure, 
which  two  characteristics  need  not  be  totally  correlated. 
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ABSTRACT 

The  physical  properties  of  a  new  molten  salt 
electrolyte  for  li thium-alloy/metal  disulfide  cells, 

25  mol  X  LiCl-37  mol  %  LiBr-38  mol  X  KBr,  were  investigated. 
In  earlier  cells,  a  LiCl-KCl  electrolyte  was  used.  Cyclic 
voltammetry  of  FeS2  in  the  new  molten  salt  at  375-425°C 
indicated  improved  electrochemistry  and  stability  of  the 
reaction  on  the  upper  voltage  plateau  (1.75  V  vs.  LiAl). 

The  new  electrolyte  provides  an  opportunity  to  operate  an 
upper-plateau  (U.P.)  FeS2  electrode  at  a  lower  temperature, 
400°C,  and  with  a  higher  activity  of  lithium  ion  in  the 
electrolyte.  The  broad  liquidus  of  this  molten  salt  at 
400°C  also  supports  operation  at  high  current  density. 
Testing  of  24-  to  48-Ah  cells  indicated  greater  than  503! 
improved  energy  and  power  density  over  the  conventional  two- 
plateau  FeSp  cell  with  LiCl-KCl  electrolyte.  The 
conventional  FeS2  cells  would  lose  503!  of  their  upper- 
plateau  capacity  within  200  cycles.  The  elimination  of  this 
capacity  decline  problem  was  demonstrated  by  400  cycles  and 
5400  h  of  stable  operation  with  a  dense  U.P.  FeS2  electrode 
cell,  which  maintained  893!  utilization  of  theoretical 
capacity  throughout  the  test. 


INTRODUCTION 

A  new  molten-salt  electrolyte  is  a  key  component  of  a 
substantially  improved  LiAl/FeS2  cell.  With  this  electrolyte,  the 
cell's  energy  and  power  density  were  increased  by  at  least  503!  and 
cycle-life  stability  problems  were  alleviated  (1).  This  electrolyte, 
25  mol  3!  LiCl-37  mol  X  LiBr-38  mol  X  KBr  (m.p.  310),  has  many 
interesting  properties  which  give  it  preference  over  the  commonly  used 
58  mol  X  LiCl-42  mol  X  KC1  (m.p.  352I>C).  The  LiCl-LiBr-KCl-KBr  system 
was  initially  examined  by  investigators  in  the  U.S.S.R.  (2)  for 
crystallization  of  solid  solutions  in  reciprocal  ternary  systems.  The 
properties  of  the  above  LiCl-LiBr-KBr  composition  are  currently  being 
investigated  at  Argonne  National  Laboratory  in  its  development  of 
high-performance  battery  cells.  This  paper  will  report  on  the 
physical  properties  of  the  electrolyte,  the  electrochemistry  of  the 
FeS2  electrode,  and  the  LiAl/FeS2  cell  performance  with  the  LiCl-LiBr- 
KBr  electrolyte. 


621 


A  second  feature  of  the  improved  LiAl/Fe$2  cell  is  its  exclusive 
operation  on  the  higher  of  two  discharge  voltage  plateaus,  along  with 
an  increased  loading  of  active  material  in  the  FeSo  electrode  from 
32  vol  X  FeSj  (1.5  Ah/cm-’)  to  50  vol  X  FeSo  (2.4  Ah/cnr).  The  energy 
density  of  this  "dense  U.P.  FeS2  electrode"  is  potentially  greater 
than  that  of  the  two-plateau  (T.P.)  FeS2  electrode — with  the  added 
advantage  of  a  0.3  V  increase  in  cell  voltage  at  80X  depth  of 
discharge  (DOD),  Fig.  1. 

The  discharge  reaction  of  the  dense  U.P.  FeS2  electrode  (1.75  V 
vs.  LiAl)  can  be  written  as: 

FeS2  +  2Li  +  +  2e_  Li2FeS2>  II] 

although  it  is  a  series  of  three  consecutive  reactions  (3),  as  will  be 
seen  later.  In  the  conventional  T.P.  FeS2  cell,  the  lower-voltage 
reaction  (1.33  avg  V  vs.  LiAl)  is  also  used.  This  reaction  is: 

Li^FeS2  ♦  2Li  +  +  2e"  %  2Li2S  +  Fe.  (2) 

The  discharge  product  of  the  U.P.  FeS2  reaction,  Li2FeS2,  has  a  much 
higher  density  (2.8  g/cm3)  in  comparison  to  the  Li25  (1.6  g/cm3) 
produced  in  the  T.P.  PeS2  electrode  operation.  Consequently,  a  higher 
loading  of  active  material  for  the  dense  U.P.  FeS2  electrode  develops 
higher  electrode  energy  density,  Vh/cm. 

The  earlier  T.P.  FeS2  cells  with  LiCl-KCl  electrolyte  were 
operated  at  425-450°C  and  had  unacceptably  high  capacity  decline  rates 
of  0.10-0.25X  per  cycle.  Approximately  50X  of  the  upper-plateau  FeS2 
capacity  would  be  lost  in  the  first  200  cycles  of  operation.  This 
phenomenon  was  explained  by  sulfur  migrating  from  the  positive 
electrode  into  the  separator  region  of  a  cell  and  depositing  there  as 
L^S  (4).  Therefore,  a  U.P.  Fe$2  cell  design  was  not  a  practical 
approach  for  development  of  a  high-performance  cell  with  the  LiCl-KCl 
electrolyte.  The  LiCl-LiBr-KBr  molten  salt  offers  physical  properties 
that  allow  stable  operation  of  the  dense  U.P.  FeS2  electrode  without 
degrading  cell  performance.  Several  unique  characteristics  of  the 
U.P.  FeS2  cell  with  LiCl-LiBr-KBr  electrode  were  identified.  As 
related  to  FeS2  cell  design  and  fabrication,  some  of  the  physical 
properties  of  the  LiCl-LiBr-KBr  were  determined  directly  and  some  were 
observed.  The  FeS2  electrode  electrochemistry  was  investigated  by 
slow-scan  cyclic  voltammetry  in  a  temperature  range  of  375-425°C. 
Compact  prismatic  cells  were  operated  to  demonstrate  the  improved 
performance  of  the  LiAl/LiCl-LiBr-KBr/FeS2  system. 


EXPERIMENTAL 

The  electrolyte  was  polarographic  grade  LiCl-LiBr-KBr  of  the 
eutectic  composition  (25  mol  X  LiCl-37  mol  X  LiBr-iP  mol  X  KBr,  m.p. 
310°C),  which  was  obtained  from  Anderson  Physics  Laboratory  (APL). 
Melting  point  and  cooling  curves  were  determined  by  APL  in  the  course 
of  producing  this  melt.  The  FeS2  was  purchased  from  the  University  of 
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Minnesota  as  purified  mineral  and  was  determined  to  be  approximately 
95Z  pure  by  x-ray  diffraction  analysis.  The  LiAl  electrodes  used 
23  wt  Z  lithium-aluminum  particles  from  Foote  Mineral  Co. 

The  cyclic  voltammetry  experiments  were  conducted  in  cells 
consisting  of  FeS2  working  electrodes  and  Li-Al  reference  (about  1-Ah 
capacity)  and  counter  (about  10-Ah  capacity)  electrodes.  The  FeS2 
electrode  (25  mg  FeS2)  was  positioned  in  proximity  to  other  electrodes 
in  about  200  g  of  electrolyte.  The  LiAl  electrodes  employed 
cylindrical  stainless  steel  housings  which  were  covered  with  325-mesh 
stainless  steel  screens.  The  Li-Al  powder  was  mixed  with  aluminum 
powder  to  reduce  the  lithium  concentration  to  about  35  at.  X  Li.  The 
working  electrode  employed  a  molybdenum  housing  for  0.25-cm^  electrode 
area  and  0.6-mm  depth  and  is  faced  by  100-mesh  molybdenum  screens. 

The  cyclic  voltammograms  were  generated  with  a  PAR  175  universal 
programmer,  a  PAR  173  potentiostat ,  a  PAR  179  coulometer,  and  a 
HP  7045A  X-V  recorder.  Steady-state  voltammograms  were  obtained  from 
repeated  cathodic  and  anodic  sweeps  at  a  sweep  rate  of  0.02  mV/s  with 
a  potential  range  of  no  greater  than  1.1  to  2.15  V  vs.  Li-Al. 

Cell  performance  characteristics  were  assessed  in  sealed 
prismatic  bicells  of  24-  to  48-Ah  capacity.  The  electrodes  (8.7-cm 
high  x  6.3-cm  wide)  were  contained  behind  perforated-sheet  current 
collectors — molybdenum  for  the  central  FeS2  electrode  and  1008  steel 
for  the  two  Li-Al  electrodes.  The  electrode  area,  based  on  the  area 
of  the  BN  felt  separator  (0.2-cm  thick,  10  vol  Z  BN,  Kennecott  Corp.), 
was  100  cm  .  The  positive  electrodes  contained  FeSo  with  15  mol  Z 
CoS2  additive  for  a  theoretical  capacity  of  either  24  or  48  Ah  on  the 
upper  plateau.  The  slurry-formed  negative  electrodes  (5)  contained 
53  at.  Z  Li-Al  alloy  of  either  35-  or  70-Ah  capacity  with  0.9  Ah/cnr 
loading  density.  Cells  were  assembled  with  a  BN-powder  feedthrough 
seal  and  were  operated  in  an  argon  glovebox.  Cycle-life  testing  at  an 
8-h  charge  rate  (25  or  50  mA/cnr)  and  4-h  discharge  rate  (50  or 
100  mA/cnr)  was  controlled  between  voltage  cutoffs  of  2.10  and  1.25  V, 
respectively.  A  Ni/N^Sj  reference  electrode  indicated  working- 
electrode  potentials  during  the  deep  discharge  cycling. 


RESULTS  AND  DISCUSSIONS 

The  physical  properties  of  LiCl-LiBr-KBr  were  investigated 
relative  to  the  design,  fabrication,  and  operation  of  LiAl/U.P.  FeS2 
cells.  As  reported  earlier  (2),  the  new  electrolyte  has  a  melting 
point  of  310°C.  Also,  its  liquidus  range  of  1.25  to  2.6  Li+/K+  ratio 
at  400°C  is  of  particular  interest  to  the  dynamic  conditions  of 
electrode  operation  at  high  current  density.  For  LiCl-KCl,  the 
liquidus  range  at  400°C  is  only  1.25  to  1.81  Li+/K+  ratio.  The 
broader  liquidus  for  LiCl-LiBr-KBr  would  tend  to  prevent  salt 
crystallization  from  the  Li+  ion  flux  of  current  conduction.  Melting 
point  and  cooling  curve  determinations  at  APL  (6)  indicated  a  melting 
point  of  312±1°C,  but  once  liquid,  this  molten  salt  exhibits  a  lower 
freezing  point  of  296±4°C.  Accordingly,  test  cells  begin  to  exhibit 
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voltage  at  310+10°C.  With  regard  to  the  expanded  liquidus  range  o£ 
the  LiCl-LiBr-KBr,  the  improved  performance  of  the  Li-Al/U.P.  Fe$2 
cell  at  400°C  (reported  below)  is  supportive  of  this  property. 

Determinations  of  the  density  of  LiCl-LiBr-KBr  correlated  well 
with  the  calculated  density  based  on  component  densities.  At  400°C, 
the  liquid  density  is  about  2.2  g/cm  .  (Room-temperature  density  is 
2.7  g/cm  . )  The  liquid  density  was  determined  from  the  weight  of  an 
established  volume  of  electrolyte  in  a  graphite  crucible  at  400+5°C. 
The  liquid  meniscus  is  dealt  with  by  placing  a  graphite  cap  having  a 
small  hole  (to  take  up  excess  melt)  on  the  top  of  the  crucible.  It 
was  observed  that  the  LiCl-L:Br-KBr  electrolyte  wets  electrode 
materials  (LiAl,  FeS2,  C0S2)  and  cell  components  (MgO-treated  BN  felt, 
steel,  and  molybdenum)  quite  well.  Generally,  a  vacuum  was  required 
to  fully  infiltrate  LiCl-KCl  electrolyte  into  the  cell.  The  cells 
with  LiCl-LiBr-KBr  have  attained  full  cell  capacity  without  vacuum- 
assisted  infiltration.  This  good  wetting  characteristic  is  important 
for  the  development  of  "electrolyte-starved"  cells. 

The  specific  resistivity  of  the  molten  salt  and  solubility  of  the 
metal  disulfide  electrode  materials  are  linked  to  Li*  ion  activity  and 
temperature.  An  added  consideration  is  the  thermal  stability  of  FeS^  . 

It  has  been  determined  (7)  that  thermal  decomposition  of  FeS2  at  400°C 

is  rather  slow  and  that  thousands  of  hours  would  pass  before  a 
significant  amount  of  decomposition  would  occur,  whereas  at  500° C 
decomposition  would  occur  within  a  few  hours.  Earlier  studies  have 
documented  the  increased  solubility  of  LijS  in  molten  salts  due  to 
higher  Li*  ion  content  (8).  Solubility  at  450°C  is  1860  ppm  LijS  for 

65  mol  X  LiCl-35  mol  X  KC1  and  840  ppm  LijS  for  55  mol  X  LiCl-45  mol  X 

KC1.  The  all-Li'*'  ion  salt,  LiCl-LiBr-LiF,  at  465°C  has  a  much  higher 
LijS  solubility  (9),  6840  ppm.  Generally,  a  50°C  temperature  rise  in 
the  range  of  400-500°C  will  approximately  double  Li^S  solubility  for 
all  of  these  molten  salts.  The  solubility  of  LijS  in  LiCl-LiBr-KBr  at 
400°C  based  on  a  62  mol  %  Li*  content  is  approximated  at  1100  ppm 
L^S.  The  specific  resistivity  of  LiCl-KCl  eutectic  at  400°C,  which 
is  approximately  0.8  ohm-cm,  decreases  as  the  LiCl  mole  fraction  is 
increased,  but  the  melting  point  rapidly  increases  to  400°C  for  the 
LiCl-rich  composition  of  65  mo)  X  LiCl-35  mol  X  KC1.  It  is  apparent 
that,  compared  with  LiCl-KCl  eutectic,  the  LiCl-LiBr-KBr  electrolyte 
provides  lower  temperature  operation  (-400°C),  which  minimizes  thermal 
decomposition  and  solubility  of  electrode  material,  and  higher  Li*  ion 
activity,  which  enhances  FeS2  electrode  performance.  • 

The  electrochemistry  of  FeS?  in  I.iCl-LiBr-KBr  was  examined  by 
cyclic  voltammetry,  as  shown  in  rig.  2,  at  three  temperatures:  375, 
400,  and  425°C.  The  potential  sweep  rate  was  0.02  mV/s,  and  the 
potential  range  was  1.10  to  2.10  V.  These  conditions  generated  about 
one  cycle  per  day.  Achieved  capacity,  based  on  summed  areas  of  eithei 
anodic  or  cathodic  peaks,  exceeded  80%  of  the  theoretical  capacity. 

The  dominant  features  of  these  vol tammogt ams  are  consistent  with  those 
of  FeS2  in  LiCl-KCl  eutectic,  which  were  reported  by  Preto  et  al.  (3). 
Roman  numerals  label  the  peaks,  with  "a"  tor  anodic  and  "c"  for 
cathodic.  The  corresponding  sequence  of  phases  at  the  various  states 


of  charge  are  assigned  according  to  the  work  of  Tomczuk  et  al.  (10)  as 
follows: 


nc 

FeS2  i v  Li3Fe2s4  m  Li2.2Fe0.8s2  and 
a  a 

iic  ic 

Fel-xS  fj  Li2peS2  Fe  and  L^S  |3) 


These  are  equilibrium  phases  and  do  not  imply  reaction  mechanisms.  Of 
particular  interest  for  this  study  is  the  separation  of  the  anodic  and 
cathodic  high-voltage  peaks  (IVa  and  IVc),  which  indicates 
irreversibility  of  this  reaction.  A  notable  difference  between  the 
cyclic  voltammograms  of  Fig.  2  and  those  of  FeS2  in  LiCl-KCl  is  that 
this  peak  separation  (difference  in  leading  edge  potentials,  LEP)  is 
less — 95  mV  vs.  120  mV,  respectively.  Also,  the  leading  edge  of  peak 
IVa  does  not  exhibit  the  shoulder  found  for  FeS2  in  LiCl-KCl  (3). 

These  differences  indicate  improved  reversibility  from  a  molten  salt 
with  higher  Li*  ion  activity.  As  seen  in  Table  1,  peak  separation 
between  IVa  and  IVc  (LEPa-LEPc)  lessens  with  increased  O'  ldting 
temperature. 

A  unique  characteristic  of  the  high  voltage  reactions 
(FeS2  to  Li2FeS2)  is  their  strong  entropic  cooling.  The  potentials  of 
the  leading  edges  of  peak  IVc  at  375,  400,  and  425°C  (Fig.  2)  exhibit 
a  positive  temperature  coefficient,  which  correlates  well  with  the 
change  in  the  equilibrium  potentials  of  these  peaks  due  to 
temperature.  The  emf  for  the  FeS?  -*  Li^Fe2S4  phase  transition  has 
been  reported  by  Tomczuk  et  al .  (11)  as: 

Emf  =  1.542  +  0.0005231  T(°C)  |4) 

As  shown  in  Table  1,  a  50°C  change  in  temperature  raises  the  potential 
of  the  leading  edge  of  peak  IVc  by  20  mV.  Calculating  the  difference 
between  the  equilibrium  potentials  of  the  reaction  peaks  with  their 
leading-edge  potentials,  LEP,  for  peaks  IVa  and  IVc  (Table  1) 
indicates  the  overpotentials  for  these  reactions.  The  cathodic 
overpotentials  are  quite  small  (4-14  mV),  while  the  anodic 
overpotential  of  peak  IVa  is  about  85  mV  at  400°C.  Host 
significantly,  the  overpotential  of  charging  the  high  voltage  reaction 
of  FeSn  (IVa)  in  LiCl-LiBr-KBr  at  400°C  is  20  mV  less  than  it  is  in 
LiCl-KCl  eutectic. 

The  cyclic  voltammograms  indicate  rather  good  stability  of  FeS2 
in  LiCl-LiBr-KBr .  At  425°C  or  less,  soluble  polysulfides  ate  not 
generated,  as  evidenced  by  the  lack  of  activity  in  the  voltage  region 
1.95  to  2.10  V  vs.  LiAl.  Generation  of  soluble  polysulfides  would 
lead  to  electrode  capacity  loss.  Unlike  FeS2,  C0S2  and  NiS2  generate 
L^S  in  charging  their  high  voltage  reaction,  which  can  be  further 
oxidized  to  soluble  Li 2 S2  (3).  In  Fig.  2,  the  diminution  of  peaks  IVa 
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and  IVc  at  425°C  nay  be  attributed  to  lengthy  operating  tines  (200  h) 
for  the  25-mg  FeS2  electrode  and/or  physical  loss  of  active  material. 

Tests  of  the  LiAl/LiCl-LiBr-KBr/dense  U.P.  PeS2  cell  at  400*C 
demonstrated  at  least  a  501  improved  energy  density  in  comparison  to 
that  of  the  LiAl/LiCl-KCl/T. P.  PeS2  cell  at  427#C  (12).  As  seen  in 
Fig.  1,  capacity  utilization  is  about  501  greater,  along  with  a  101 
higher  average  discharge  voltage.  Cell  power  density  was  improved  by 
at  least  1001  because  of  two  factors.  First,  the  cell  voltage  at  801 
D0D  was  about  0.3  V  higher  than  that  of  a  T.P.  FeS2  cell.  Second, 
cell  resistivity  was  lower  for  the  dense  U.P.  FeS2  cell  at  400°C, 
ranging  from  0.65  to  0.85  ohm-cra2  for  5-801  D0D  compared  with  1.2  to 
1.6  ohm-cm2  for  the  T.P.  FeS2  cell  at  4270C.  The  higher  voltage  and 

lower  resistivity  of  the  U.P.  FeS2  cell  increased  power  density  from 

0.3  to  0.8  V/cm 2  of  separator  area  at  801  D0D. 

The  high  utilization,  about  801  at  the  higher  current  densities 
of  100-150  mA/cm  ,  attests  to  extremely  good  electrode  kinetics  for 
the  U.P.  FeS2  electrode  in  the  LiCl-LiBr-KBr  electrolyte.  As  seen  in 
Fig.  3,  utilizations  at  these  high  current  densities  are  approximately 
double  those  of  the  T.P.  FeS2  system.  Cells  have  been  operated  at 

temperatures  as  low  as  380oC,  but  as  seen  in  Fig.  3,  sensitivity  to 

cell  operating  temperature  begins  to  show  at  temperatures  less  than 
400° C.  At  a  1-h  discharge  rate  (150  mA/cm2),  781  utilization  is 
achieved  at  400°C. 

Stable  cycle  life  is  a  particular  concern  for  the  dense  U.P.  FeS2 
cell  in  that  cell  capacity  loss  for  earlier  cells  was  exclusively  due 
to  loss  of  upper-plateau  (high  sulfur  activity)  capacity.  The  cell 
capacity  vs.  cycle  number  for  the  U.P.  FeS2  cell  is  shown  in  Fig.  4. 
(Its  coulorabic  efficiency  was  +991.)  At  50  mA/cm2,  the  upper-plateau 
FeS2  capacity  utilization  was  891.  The  cell  capacity  remained 
constant  through  400  cycles  and  5400  hours,  after  which  problems  with 
the  test  facility  terminated  the  test.  During  this  test,  the  cell  was 
charged  at  25  mA/cra2  to  a  charge  cutoff  of  2.05  V.  These  values  are 
greater  than  those  that  could  be  used  with  the  LiAl/LiCl-KCl/T. P.  FeS2 
and  still  maintain  stable  capacity  (12).  This  is  further  indication 
of  improved  FeS2  electrode  kinetics.  Electrode  potentials  (vs.  the 
Ni/NijS2  reference  electrode)  indicated  that  discharge  cell  capacity 
was  limited  by  the  upper-plateau  FeS2  capacity  of  the  positive 
electrode.  The  891  utilization  of  the  upper-plateau  FeS2  capacity 
provided  quite  good  accounting  of  the  sulfur  capacity  throughout  the 
cycle-life  test.  Apparently,  both  time-  and  cycle-related  capacity 
loss  mechanisms  have  been  eliminated  in  this  advanced  cell. 


CONCLUSION 

The  physical  characteristics  of  the  molten  salt  LiCl-LiBr-KBr 
provide  a  unique  opportunity  to  operate  a  U.P.  FeS2  cell  at  a 
substantially  lower  temperature  (400  vs.  450°C)  along  with  a  higher 
Li+  ion  activity  (62  vs.  58  mol  1  Li+  ion)  than  is  possible  with  LiCl- 
KC1.  Additionally,  its  broad  liquidus  at  400°C  supports  high  current 
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density  (100-150  mA/cm^)  operation  at  high  utilization  (about  80Z  of 
the  U.P.  FeSj  capacity).  The  electrochemistry  of  U.P.  FeS2  in  LiCl- 
LiBr-KBr  exhibits  increased  reversibility,  as  indicated  by  reduced 
peak  separation  of  the  high-voltage  reaction  peaks  in  the  cyclic 
voltammograms.  The  capacity  stability  of  the  dense  U.P.  FeS2  is  aided 
by  improved  electrode  kinetics  at  the  lover  operating  temperature  of 
400°C.  Thermal  decomposition  and  solubility  of  the  FeS2  electrode  are 
held  in  check  at  this  temperature.  Also,  generation  of  soluble 
polysulfides  at  potentials  of  1.95-2.1  V  was  not  indicated  in  cyclic 
voltammograms  for  this  electrode/electroly te  system. 

Based  on  the  improved  U.P.  FeS2  electrode  performance,  ve  expect 
to  develop  sealed  monopolar  cells  with  specific  energy  of  150- 
175  Vh/kg  at  a  3-h  rate  and  specific  power  of  200-300  V/kg  at  80Z  DOD 
for  the  electric-vehicle  application.  The  dense  U.P.  Fe$2  electrode 
and  LiCl-LiBr-KBr  electrolyte  have  resulted  in  a  cell  with  very  stable 
cycle  life.  The  expected  cycle  life  is  greater  than  1000  cycles.  The 
unique  feature  of  strong  entropic  cooling  for  the  U.P.  FeS2  discharge 
reaction  provides  an  additional  incentive  for  development  of  this 
system  for  high-pover  applications.  A  bipolar  battery  design  for  the 
production  of  intense  power  could  be  operated  adiabatically . 
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Figure  1.  Voltage/Capacity  Curves  at  a  Discharge 
Rate  of  50  mA/cm2. 


Table  1.  Equilibrium  and  Lead-Edge  Potentials  (LEP) 

for  Fes2  t  Li3Fe2SHin  LiCl-LiBr-KBr  (310°  m.p.) 


Electrolyte 

Temp. 

(°C) 

LEP 

(V) 

Emf 

(V) 

LEP 

(V) 

LEP  - 
LEPjV) 

LiCl-LiBr-KBr 

375 

1.730 

1.734 

1.835 

0.105 

400 

1.740 

1.751 

1.835 

0.095 

425 

1.750 

1.764 

1.835 

0.085 

LiCl-KCl(a) 

400 

1.735 

1.751 

1.855 

0.120 

^From  References  3  and  11. 
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Utilization,  %  Theo.  Cap. 


Figure  3.  Utilization  vs.  Temperature  of  Operation  for 
Li-Al/FeS2  Cells  of  lOO-cm^  Separator  Area. 
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Figure  4.  Cell  Discharge  Capacity  (Utilization  of  the 

U.P.-FeS2  Capacity)  as  a  Function  of  Cycle  Life 
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ABSTRACT 

Charge  and  overcharge  reactions  of  FeS2>  NiS^,  and  (Fe-Ni)S2 
electrodes  were  studied  in  half-cell  and  full-cell 
experiments  to  investigate  the  electrochemical  stability  of 
these  materials  at  high  charge  potentials.  In  L^S-saturated 
(LiCl-KCl,  LiF-LiCl-LiBr,  and  LiCl-LiBr-KBr)  electrolytes,  a 
new  plateau  appeared  at  2.05-2.1  V  vs.  Li-Al  and  was 
associated  with  polysulfide  anion  formation.  The  polysulfide 
seems  to  stabilize  the  transition-metal  sulfides  against 
overcharge-related  dissolution,  even  at  2.2  V.  The  anodically 
formed  polysulfide  provides  overcharge  tolerance  for  Li- 
alloy/MS2  cells  by  an  electrochemical-chemical 
sulfide/polysulfide  cycle. 


BACKGROUND 

The  present  Li-alloy/metal  sulfide  cells  require  voltage-limited 
charge  termination.  An  experimentally  determined  limit  (about  1.9  to 
2.05  V  for  the  Li-alloy/FeS2  cells  [1,2])  is  set  to  prevent  unwanted 
electrode  reactions.  Although  both  the  negative  and  the  positive 
electrodes  are  affected  by  this  problem,  only  those  problems  that  are 
associated  with  the  latter  are  discussed  in  this  paper.  Above  the 
voltage  limit,  if  the  charge  is  continued,  detrimental  overcharge 
reactions  occur,  such  as  soluble  transition-metal  salt  formation  from 
the  active  material  and  anodic  dissolution  of  the  current  collector. 
Overcharge  reactions  of  the  metal  sulfide  electrodes  have  been  studied 
extensively  [3-6],  and  a  reviev  on  this  topic  is  available  [7].  The 
overcharge  reactions  shorten  cell  life  to  a  great  extent  by  decreasing 
capacity  and  causing  metal  to  precipitate  in  the  separator,  which  then 
short  circuits  the  electrodes.  The  deleterious  effect  of  the 
overcharge  reactions  is  proportional  to  the  charge  applied  above  the 
critical  voltage  limit. 

Overcharge  of  the  weak  cells  of  a  battery  is  a  serious  problem 
whenever  the  utilizable  capacities  of  the  cells  become  uneven. 
Maintaining  the  charge  voltage  at  or  below  the  voltage  limit  and 
simultaneously  reaching  equal  capacity  in  each  serially  connected  cell 
of  a  metal  sulfide  battery  over  many  cycles  are  difficult  tasks.  To 
overcome  tms  difticuity,  a  special  integrated  charger-battery  system 


631 


has  been  developed  [8|.  This  system,  which  has  interconnections 
between  each  cell  and  the  charger,  removes  any  cell  from  charge 
individually  that  reaches  the  charge  voltage  limit. 

Ideally,  the  battery  overcharge  control,  however,  should  rely  on 
a  built-in  chemical  mechanism  that  furnishes  the  cells  with  an 
inherent  overcharge  tolerance.  A  similar  mechanism  is  available  in 
lead  acid  and  Ni-Cd  cells. 


EXPERIMENTS  AND  RESULTS 

To  explore  the  possibility  of  chemical  overcharge  protection, 
charge  and  overcharge  reactions  of  FeS^,  NiS?,  and  (Fe-NiJSi 
electrodes  in  582  LiCl  -  422  KC1  eutectic,  222  LiF  -  312  LiCl  -  472 
LiBr  all-Li+-cation,  and  252  LiCl  -  372  LiBr  -  382  KBr  "low  melting" 
electrolytes  (composition  in  mol2)  were  studied  by  intermittent 
galvanostatic  cycling.  The  electrolytes  were  LijS-saturated,  i.e., 
they  contained  more  sulfide  than  the  stoichiometrically  needed 
quantity  to  form  the  heavy-metal  disulfides  from  their  respective 
metals . 

Two  sets  of  experiments  were  carried  out:  (i)  half-cell 
experiments  to  study  the  charge  properties  of  the  sulfides  and  (ii) 
full-cell  experiments  to  investigate  the  interaction  between  the 
positive  and  negative  electrode  in  an  arrangement  that  simulates  the 
conditions  of  the  compact  engineering  cells.  Details  of  the  cell 
design  and  the  method  used  in  the  half-cell  study  are  described 
elsewhere  [9,10].  For  the  full-cell  study,  a  sulfide  electrode  was 
combined  with  a  Li-alloy  negative  electrode  into  a  cell  sandwich;  this 
cell  was  designed  for  performing  experiments  under  a  wide  variety  of 
conditions,  including  open  and  sealed  operations.  Both  types  of  cells 
were  cycled,  at  least,  50  to  150  times  before  the  experiment  was 
terminated. 

The  half-cell  experiments  revealed  a  new  plateau  at  about  2.05- 
2.1  V  vs.  Li-Al  (IR-free  closed-circuit  value).  This  potential  range 
had  been  considered  to  be  beyond  the  safe  charge  voltage  limit  and 
subject  to  detrimental  overcharge  reactions.  The  half-cell  experiments 
suggested  an  electrode  reaction  at  1.95-2.1  V  potential  that  was  not 
directly  related  to  the  transition-metal  sulfide  process  because  (i) 
the  charge  passed  during  this  plateau  was  not  recoverable  in  the 
subsequent  discharge,  (ii)  the  recoverable  useful  discharge  capacity 
of  the  transition-metal  sulfide  was  hardly  affected  by  the  length  of 
the  overcharge  plateau,  and  (iii)  the  useful  discharge  capacity  did 
not  decline  in  the  following  cycles,  even  after  several  overcharging 
cycles.  The  results  in  Table  1  show  the  charge  and  discharge 
capacities  of  an  FeS2  electrode  before,  during,  and  after  "overcharge" 
(i.e.  when  the  electrode  potential  is  higher  than  1.9  V). 
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Similar  results  were  obtained  in  the  full-cell  experiments  with 
the  three  listed  metal  disulfides.  Figure  1  shows  the  voltage 
variation  of  a  Li-Al-Si/(Fe-Ni ) sealed  cell  when  cycled  between 
discharge  and  charge  voltage  limits  of  1.0  and  2.1  V,  respectively. 

The  voltage  oscillations  seen  on  the  curve  are  traces  of  the  voltage 
excursions  during  15-s  current  interruptions,  which  were  applied 
regularly  to  measure  area-specific  cell  impedance  [ 1 0 J .  In  the  21st 
charge  (C-21),  when  the  voltage  limiter  relay  was  inactivated,  the 
cell  was  overcharged  with  a  current  density  of  50  mA/cnr  to 
approximately  2.5  times  the  theoretical  capacity.  In  spite  of  this 
unusual  treatment,  no  damage  occurred  in  the  electrodes.  This 
observation  is  substantiated  by  the  fact  that  the  plot  recorded  in  the 
pre-overcharge  cycle  is  unaltered  from  that  obtained  in  the  subsequent 
cycles.  Furthermore,  the  cell  showing  good  capacity  retention 
performed  many  more  cycles  and  several  overcharges. 


DISCUSSION 

Both  the  half-cell  and  full-cell  experiments  suggested  that 
transition-metal  disulfide  electrodes  in  Li2S~saturated  electrolyte 
will  undergo  beneficial  overcharge  reactions  that  provide  overcharge 
tolerance. 

The  mechanism  of  the  overcharge  tolerance  can  be  explained  by  the 
action  of  an  electrode  reaction-chemical  reaction  (ER-CR)  cycle.  At 
high  positive  potentials,  the  abundant  S2_  ions  of  the  electrolyte  are 
oxidized  to  polysulfide  on  the  sulfide  electrode  in  the  electrode 
reac  t ion 

xS2‘  -->  Sx2-  *  2(x  -  1 )e~  (11 

where  x  <  2.  Then,  the  polysulfide,  after  having  been  diffused  to  the 
negative  electrode,  is  reduced  back  to  sulfide  on  the  Li  alloy  in  the 
chemical  reaction 


Li2Sx  +  2(x  -  1 )Li°  — >  xLi2S  (2) 

The  symbol  Li°  in  Eq  2  represents  the  excess  lithium  content  of  the 
alloy  that  is  produced  during  the  overcharge.  The  sulfide  produced  in 
Eq. 2  diffuses  and  migrates  back  to  the  positive  electrode  and  short 
circuits  the  ER-CR  cycle.  Although  the  polysulfide  and  the  excess 
lithium  in  the  alloy  are  produced  continuously  during  overcharge,  they 
do  not  accumulate  to  an  unacceptably  high  level  because  the 
counteracting  chemical  reaction,  when  steady  state  is  reached, 
consumes  them  at  the  same  rate  as  that  of  their  formation.  The  high 
solubility  of  the  polysulfide  assures  a  high  diffusion  rate  and, 
therefore,  fast  consumption  at  the  negative  electrode.  Consequently, 
the  ER-CR  cycle  can  maintain  a  self-regulated  charge  voltage  limit, 
which  is  set  by  the  current  density  and  temperature. 
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A  key  element  of  the  proposed  ER-CR  cycle  is  that  the  polysulfide 
formation  takes  over  the  charge  transfer  from  the  transition-metal 
sulfide  electrode  reactions,  thus  providing  an  electron  source  for  the 
inert-metal  current  collector  while  the  overcharging  current  is 
flowing. 

Previous  findings  support  the  polysulfide  formation  under  the 
conditions  of  our  experiments.  Cyclic-voltammetric  experiments 
indicated  that  L^S  was  readily  oxidized  in  various  complicated  anodic 
reactions  on  inert  electrodes  to  various  polyanions  of  sulfur  in  the 
potential  range  of  1.9  to  2.2  vs.  Li-Al  [11,12].  The  lower  end  of  this 
range  coincides  with  the  potential  of  the  FeSj  formation  [12]. 

However,  because  the  FeS^  formation  takes  place  at  high  overpotential 
[12],  the  polysulfide  anion  formation  is  energetically  favored 
relative  to  the  transition-metal  disulfide  formation.  The  polysulfide 
may  eventually  help  the  FeS2  formation  from  the  lower  sulfur  activity 
phases  in  a  chemical  interaction.  This  reaction  mechanism  would 
explain  the  observed  [13]  good  charge  acceptance  and  high  utilizations 
of  the  disulfide  electrodes  in  L^S-saturated  electrolytes. 

The  term  disulfide  is  used  in  this  paper  only  in  the  generic 
sense,  indicating  the  transition-metal  sulfide  phase(s)  of  highest 
sulfur  activity;  the  actual  compound  present  at  the  end  of  the  charge 
is  not  known.  The  surplus  ot  L^S  in  the  described  experiments  may 
dictate  a  phase  transformation  sequence  that  is  different  from  the 
presently  known  one  [12]  that  is  valid  for  the  disulfides  at  4Li:Fe:2S 
atom  ratio. 


CONCLUSION 

Identified  in  this  work  was  an  effective  overcharge  mechanism 
that  protects  the  transition-metal  disulfide  electrodes  in  L^S- 
saturated  electrolyte  against  anodic  dissolution  and  sets  a  self- 
regulated  charge  voltage  limit.  The  resulting  overcharge  tolerance  of 
the  cells,  which  is  believed  to  be  due  to  the  ER-CR  cycle,  should 
eliminate  the  need  of  voltage-limited  cell  charge  and  allow  the  use  of 
standard  cyclers  for  charge  equalization  in  cells  of  the  battery.  This 
would  reduce  the  initial  and  operating  cost  of  Li-alloy/MS2  batteries. 
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Table  1.  Charge/Discharge  Imbalance  of  FeS2  Electrode3 


Cycle 
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b  Overcharged0 
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Discharged^ 
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V  vs.  Li-Al 

(mAh) 
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320 
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0 

l.yu 

315 

3  All- 
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electrolyte,  100 

mA/cm^,  475° 

C 

Charged  to  1.90  V 
Measured  above  1.90  V 
Discharged  to  1.5  V 


Figure  1.  Evidence  of  Overcharge  Tolerance  in  Cycle  21 
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ABSTRACT 

L  i  C  T  —ICC  1  eutectic  molten  salts  are  employed  as 
high  temperature  electrolytes  for  the  electroche¬ 
mical  investigation  of  phase  equilibria  and  fun¬ 
damental  thermodynamic  and  kinetic  properties  of 
the  ternary  system  Li-Fe-S.  Emf  measurements  in 
combination  with  electrochemical  variations  of 
the  composition  shows  the  presence  of  the  phases 
L  i  3  F  e  ,  S  „  and  L  i  2  F  e  S  7  with  wide  ranges  of  stoi¬ 
chiometry.  The  standard  Gibbs  energies  of  forma¬ 
tion  of  LijFeS2  and  Li,Fe2S„  are  determined  by 
integration  of  the  cell  voltage  to  be  -543  and 
-894  kj/mol  at  420°C,  respectively.  The  electro¬ 
chemical  reaction  of  lithium  with  Li-FeS  elec¬ 
trodes  is  rate  determined  by  diffusion.  The  che¬ 
mical  diffusion  coefficients  are  of  the  order  of 
1 0 " 5  cm'sec'1  at  4200C  for  both  phases  Li2FeS, 
and  lisFe2S„.  The  diffusion  is  enhanced  by  inter¬ 
nal  electrical  fields. 


INTRODUCT ION 


The  application  of  molten  salt  electrolytes  shows  many 
advantages  for  studying  phase  equilibria,  theraodynanics 
and  kinetics  in  high  temperature  chemistry.  Electrochemical 
techniques  (1-4)  do  not  require  quenching  the  samples  for 
characterization  in  contrast  to  most  other  (e.g.,  metallo- 
graphic  or  diffraction)  methods.  The  equilibration  process 
may  be  directly  monitored  by  the  change  of  the  cell  voltage 
with  time.  An  analysis  before  the  sample  has  equilibrated 
or  after  annealing  for  an  unrequired  long  period  of  time  is 
avoided.  Thermodynamic  data,  phase  equilibria  and  kinetic 
parameters  may  be  obtained  from  the  same  experiment  without 
destruction  of  the  sample  from  reading  conveniently  measur¬ 
able  electrical  quantities  such  as  currents  and  voltages. 
A  comparatively  small  number  of  sample  preparations  is  re¬ 
quired  since  the  composition  may  be  varied  by  electroche¬ 
mical  titration.  Precision  and  resolution  are  extremely 
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high.  Voltages  may  be  readily  measured  within  an  error  bar 
of  1  mV  which  corresponds  to  an  uncertainty  in  the  Giods 
energy  of  formation  of  100  J/mol.  Electrical  charge  trans¬ 
fers  smaller  than  1  pAsec  may  be  readily  applied  which 
corresponds  to  a  mass  change  of  about  1 0 ' 1 0  g  or  a  varia¬ 
tion  in  stoichiometry  of  the  order  of  10'’  assuming  a  samp¬ 
le  mass  of  1  g.  The  electrochemical  reactions  may  be  also 
easily  studied  ln-situ  by  X-ray  or  neutron  diffraction 
while  the  sample  is  inserted  into  the  molten  salt  which 
does  not  contribute  to  the  diffraction  pattern  (5). 

There  are,  however,  several  problems  related  to  the  appli¬ 
cation  of  molten  salts.  Besides  high  volatility,  problems 
may  be  caused  by  the  solubility  of  the  solid  electrode 
in  the  electrolyte  and  by  chemical  reactions.  Stability  may 
be  generally  not  suoported  by  kinetic  impedances  because  r i 
the  high  mobility  of  all  electrolyte  components.  Thermody¬ 
namic  stability  requirements  have  to  be  taken  into  consi¬ 
deration  in  most  cases. 

The  merits  and  problems  of  application  of  molten  salt  elec¬ 
trolytes  will  be  illustrated  by  the  investigation  of  the 
ternary  system  Li-Fe-S.  This  material  is  of  special  p  r  a  c  t.  i 
cal  interest  in  combination  with  LiCl-KCl(e)  molten  salts 
because  of  the  application  in  lithium-sulphur  cells  foi 
high  energy  and  power  density  secondary  and  thermally  acti¬ 
vated  batteries  (6-8).  In  spite  of  the  large  amount  of  work 
on  this  system,  several  fundamental  questions  on  the  ther 
mo dynamics,  phase  equilibria  and  kinetics  are  still  open  or 
debatable.  Most  phase  diagram  studies  were  performed  by 
me t a  1  1  ogr a ph i c  examination,  X-ray  and  chemical  analysis  on 
samples  cooled  to  room  temperature.  A  variety  of  ternary 
phases  is  reported,  e  .  g .  ,  LifeS  (  9  )  ,  Li,  ,-FeS  (91, 
i-  '  j  .  s  F  e  S  .  17),  Li  FeS  l  7  ,  1  0  -  1  2  )  ,  Li  Fe.S  (7),  and 

L  i  F  e  .  S (7).  Emf  measurements  are  described  as  a  function 
of  temperature  for  several  nlateaus  in  the  discharge  curve 
(13,14). 

MO (TEN  SAll  ElFCIROlYTE/ElECTRODE  STABILITY 

Stability  of  the  molten  salt  electrolyte  agains.  reaction 
with  tfie  electrodes  is  required  for  any  state  of  discharge 
of  the  galvanic  cell.  The  salt  should  have  j  large  decomp o 
si  tion  voltage  for  battery  type  applications  and  should  be 
stable  at  high  activity  of  the  electrochemical  ly  active 
component.  In  the  cast  of  s'  l  ids  it  is  difficult  to  combine 
these  requirements  with  thi  ndition  of  high  ionic  conduc 
tivity  since  the  activation  enthalpy  for  the  motion  of  ions 
and  the  Gibbs  energy  of  formation  of  the  compound  tend  to 
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be  inversely  proportional.  Molten  salt  electrolytes  show 
advantages  in  this  regard.  The  conductivity  is  generally 
very  high.  However,  the  melting  point  of  the  salt  tends  to 
increase  in  temperature  with  increasing  thermodynamic  s  t  a  - 
b  i  1  i  t  y  . 

Binary  lithium  compounds  with  high  negative  Gibbs  energies 
of  formation  in  the  lowest  oxidation  state  are  suitable 
from  a  thermodynamic  point  of  view.  E.g.,  LiCl  has  a  decom¬ 
position  voltage  of  3.4  V  at  6  5  0  °  C  ,  but  the  melting  point 
is  as  high  as  6  1  4  °  C  .  Various  ternary  chlorides  show  much 
lower  melting  temperatures,  e.g.,  as  low  as  146°C  in  the 
case  of  L  i  A 1 C 1 „ .  This  material  has  a  very  wide  stability 
range  (^decomp  =  v  at  20Q“C)  but  only  at  very  low 
lithium  activities  (15).  The  much  lower  stability  of  A1C1, 
(Edecomp  =  2-03  v  at  ZOO^C)  as  compared  to  LiCl  (3.84  V, 
200°C)  leads  to  reaction  with  Li  to  form  the  more  stable 
lithium  chloride.  To  avoid  this  problem,  a  thermodynamical¬ 
ly  more  stable  chloride  than  LiCl  needs  to  be  added  to  form 
a  ternary  molten  electrolyte.  The  choice  is  very  limited, 
however,  KC1  is  one  exception  and  forms  a  eutectic  melt 
with  LiCl  (molar  'atin  LiCl/KCl  =  1.38;  melting  point 
352  0  C  (  . 


ELECTROCHEMICAL  TECHNIQUE 

Methods  that  were  developed  for  the  investigation  of  com¬ 
plex  systems  (3)  were  employed  to  bring  clarification  in 
several  details  of  the  phase  diagram  of  the  ternary  system 
Li-Fe-S  and  to  obtain  thermodynamic  and  kinetic  informa¬ 
tion.  The  emf  E  is  related  to  the  chemical  potential  w  of 
the  e 1 e c t r o a c t  i  ve  component  Li  and  the  Gibbs  energy  AGf  of 
the  virtual  cell  reaction  by 

E  =  -AG  r  /  6q  (  1  ) 

q  and  6  are  the  elementary  charge  and  the  variation  of  the 
lithium  content  by  the  considered  cell  reaction.  Including 
the  variation  of  E  with  temperature,  comprehensive  thermo¬ 
dynamic  information  may  be  derived. 

Phase  equilibria  are  determined  from  the  variation  of  E  as 
a  function  of  composition  (3).  The  cell  voltage  is  indepen¬ 
dent  of  the  composition  as  long  as  only  the  relative 

amounts  of  the  existing  compounds  are  changed  by  the  cell 
reaction.  This  is  the  case  when  the  maximum  number  of  pha¬ 
ses,  i.e.,  3  in  the  case  of  a  ternary  system,  is  present. 

The  emf  is  in  this  case  related  to  the  standard  Gibbs  ener¬ 

gies  of  formation  AGJ  of  all  present  phases  according  to 
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d  is  the  determinant  formed  by  the  stoichiometric  numbers 
of  all  three  compounds  in  equilibrium;  dn)  is  the  minor  of 
d  formed  by  eliminating  the  column  of  the  stoichiometric 
numbers  of  the  conducting  ions  ji]  and  the  line  of  the 
running  number  (n).  The  minor  dn)  is  zero  if  the  corres¬ 
ponding  phase  is  not  involved  in  the  cell  reaction.  The 
cell  voltage  is  then  determined  by  2  phases.  This  means, 
the  ratio  of  the  stoichiometries  of  two  components  remains 
unchanged  for  any  phase  during  a  reversible  cell  reaction. 


The  presence  and  extension  o  f  the  various  regions  of  the 
phase  diagram  are  also  obtained  by  varying  continuously  the 
composition  by  coulometric  titration  using  various  starting 
compositions  along  the  binary  Fe-S  leg  or  within  the  terna¬ 
ry  field.  Single  and  two-phase  regions  are  recognized  by  a 
drop  in  voltage.  If  originally  a  sample  without  any  Li 
content  is  brought  in  contact  with  the  electrolyte,  the 
latter  will  be  decomposed  and  the  available  li  will  react 
with  a  sample  as  long  as  the  Li  activity  of  the  sample 
exceeds  the  decomposition  voltage.  Vice  versa,  this  amount 
of  Li  in  the  sample  may  not  be  removed  electrci  chemically  by 
titration,  but  this  error  may  be  neglected  in  most  cases. 
An  important  check  of  the  correctness  of  the  phase  diagram 
is  to  prove  the  monotonous  increase  of  the  voltage  for  any 
direction  of  the  phase  diagram  with  increasing  L i  content. 


The  electrical  work  of  a  reversible  electrochemical  reac¬ 
tion  corresponds  to  the  difference  of  the  chemical  energy 
which  is  the  change  of  the  Gibbs  energy  of  formation  bet¬ 
ween  the  starting  and  the  final  composition.  The  Gibbs 
energy  for  any  composition  of  the  sample  is  therefore  ob¬ 
tained  by  integration  of  the  emf  along  the  path  of  varia¬ 
tion  of  lithium  content  ( 3  ) 

6 

AG?,L’«FeySZ>  =  q  /  E  (  »  )  d  .<  +  AG  ?  (  L  i  6  ^  F  e  y  S  2  )  (3) 

This  allows  to  determine  the  Gibbs  energy  of  formation  for 
any  composition  and  along  any  directum  of  the  phase  dia¬ 
gram,  e.g.,  also  along  quasi-binary  sections  which  are  not 
directed  toward  the  Li  corner. 


An  electrochemical  transfer  of  ions  through  the  galvanic 
cell  produces  compositional  inhoiogene i ties  in  the  elec¬ 
trodes.  The  current  describes  the  flux  of  ions  in  the  elec¬ 
trode  at  tie  interface  with  the  electrolyte.  The  cell  vol¬ 
tage  indicates  the  concentration  of  Li  at  the  same  position 
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but  superimposed  by  polarizations.  The  time  dependence  of 
the  cell  voltage  and  current  may  be  employed  to  analyse  the 
effective  chemical  diffusion  under  the  influence  of  elec¬ 
trochemical  potential  gradients.  In  principle,  any  initial 
and  boundary  condition  may  be  used  to  solve  Fick's  second 
law.  It  is  convenient  to  start  with  a  homogeneous  composi¬ 
tion  and  to  fix  either  the  voltage  or  the  current,  or  to 
provide  a  short  current  pulse  (4,16).  The  technique  of 
constant  currents  is  employed  in  the  present  investigation 
of  the  Li-Fe-S  system.  The  cell  voltage  changes  with  the 
square  root  of  time  in  this  case: 

dE/d  Vt  =  a  iQ  d E / d 6  6  '1/2;  a  =  2V„/q  Nft  V li  (4) 

(  l  :  current  density,  6  :  chemical  diffusion  coefficient, 
V ^ :  molar  volume,  N  ^  Avogadro's  number!  The  variation  of 
E  with  the  stoichiometry,  dE/d 6,  is  obtained  f  r o m  the  dif¬ 
ference  of  the  equilibrium  cell  voltages  before  and  after 
the  current  flux.  This  quantity  is  proportional  to  the 
enhancement  factor 

W  =  3  1  n  a / 9 1 n  c  =  -  (q6/kT)dE/d«  (  5 ) 

(a:  activity,  c:  concentration,  k:  Boltzmann's  constant) 
which  relates  to  the  diffusivity  D,  electrical  mobility  u, 
and  tracer  diffusion  coefficient  D  T  ( 4 ) .  This  electroche¬ 
mical  technique  has  been  developed  for  binary  systems  (16) 
and  is  extended  to  ternary  systems  in  the  present  wo'k  . 
Complications  arise  from  the  fact  that  the  additional  com¬ 
ponent  produces  an  additional  degree  of  freedom.  Variation 
of  the  stoichiometry  of  one  component  results  in  changes  of 
the  chemical  potentials  of  both  other  components.  The  pre¬ 
dominantly  mobile  component  will  move  and  may  drive  the 
composition  locally  a  way  from  the  path  of  equilibrium  com¬ 
positions. 


EXPERIMENTAL 

Molten  salt  electrolytes  were  prepared  from  eutectic  mix¬ 
tures  of  LiCl  (purum  p.a.,  >98%)  and  KC1  (puriss.  p.a., 
>99%),  both  from  Fluka,  Buchs  CH.  Crucibles  made  of  alumina 
(Haldenwanger,  Berlin,  4  cm  wide  and  6  cm  high)  and  resis¬ 
tance  furnaces  were  employed.  All  preparations  and  expe¬ 
riments  were  performed  in  an  argon  filled  dry  box.  The  melt 
was  heated  over  night  at  400°C  before  the  electrodes  were 
inserted.  The  counter  and  reference  electrode  were  prepared 
electrochemical  ly  from  aluminum  wire  ( Ventron  ,  Karlsruhe  D, 
0.1  cm  in  diameter)  which  was  wound  to  a  spiral  to  accom¬ 
modate  easily  to  the  large  expansion  by  the  uptake  of  li¬ 
thium  without  breaking  apart.  Molten  lithium  (Cerametals, 
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New  York,  99.9  X)  adherent  to  a  molybdenum  sheet  was  em¬ 
ployed  as  anode  using  molten  LiCl-KCl(e)  electrolytes  at 
400*C .  The  electrochemical  reaction  proceeded  under  con¬ 
stant  current  until  an  equal  molar  amount  of  L i A 1  (6-phase) 
and  A1  (a-phase)  was  obtained.  The  samples  were  prepared 
from  Fe  (Merck,  Darmstadt,  >  99. S* ) ,  Fe0  „S,  FeSa  and  Li.S 
(all  from  Cerac,  Driebergen  NL  ,  >  99. 9X).'  The  appropriate 
mixtures  of  the  powders  were  pressed  to  pellets  (pressure: 
30  kN)  of  6  mm  in  diameter  and  1-2  or  2-5  mm  in  thickness 
for  samples  employed  for  coulometric  titration  or  static 
emf  measurements,  respectively.  The  pellets  were  annealed 
in  small  evacuated  sealed  glass  ampoules  at  420°C  for  10 
hours  before  they  were  inserted  into  small  pockets  made 
from  molybdenum  sheet  (Ventron,  >  99. 9X;  0.1  mm  in  thick¬ 
ness).  These  sample  holders  were  open  to  the  melt  from  the 
top.  If  part  of  the  sample  should  break  off,  this  material 
is  collected  within  the  pocket  and  participates  further  in 
the  titration  process.  Molybdenum  wires  were  used  as  elec¬ 
tronic  leads  to  all  electrodes. 

Currents  of  the  order  of  7-15  mA/cmJ  electrode  surface  area 
were  provided  by  constant  current  sources  (Keithley,  models 
220/227).  Emfs  were  measured  by  electrometers  (Keithley, 
models  616/619,  input  impedance  >  2  x  lO'-Q).  The  coulome¬ 
tric  titrations  and  kinetic  transient  measurements  were 
computer  controlled.  Generally  50  steps  were  taken  for  a 
full  forward  and  backward  titration.  The  operating  tempera¬ 
ture  was  kept  within  the  regime  of  420  ±  20°C  at  the  posi¬ 
tion  of  the  sample. 


RESULTS  AND  DISCUSSION 

Fig.  1  shows  one  of  the  results  of  the  coulometric  titra¬ 
tions.  Fe  S ,  is  used  as  starting  material  in  this  case, 
ihree  voltage  plateaus  are  observed  indicating  the  presence 
of  ternary  or  quasi  binary  equilibria.  The  results  for 
forward  and  backward  titration  are  in  good  agreement  except 
for  the  intermediate  small  plateau  which  shows  a  value 
which  is  20  mV  higher  if  lithium  is  taken  out  of  the  sample 
rather  than  inserted.  Also,  the  voltages  are  smaller  close 
to  4=4  when  lithium  is  added  rathe-  than  taken  out  of  the 
sample.  This  may  be  understood  by  kinetic  impedances  due  to 
the  formation  of  L i 2  S  (besides  Fe )  which  ,s  an  ionic  con¬ 
ductor  and  equilibrates  very  slowly.  Wide  intermediate 
regimes  of  dropping  voltages  indicate  the  presence  of  large 
single-  and  two-phase  fields. 

The  information  obtained  from  the  coulometric  titration 
curves  is  transferred  into  the  phase  diagram  as  shown  in 
Fig.  2.  In  addition,  the  results  of  static  emf  measurements 
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are  included.  Identical  cell  voltages  are  indicated  by  the 
same  symbol.  The  other  investigated  compositions  fall  with¬ 
in  single-  and  two-phase  regions.  The  results  are  in  agree¬ 
ment  which  shows  that  the  exposure  of  the  sample  to  the 
molten  salt  for  extended  periods  of  time  does  not  give  rise 
to  uncontrolled  variations  of  the  composition,  e.g.,  by  the 
loss  of  sulphur  or  electronic  conductivity  of  the  electro¬ 
lyte.  Areas  of  identical  plateau  voltages  and  static  emfs 
are  combined  in  triangles  of  three-phase  equilibria.  The 
presence  of  2  ternary  phases,  Li?FeS_.  and  L  i  ,  F  e  ,  S  ,  is 
confirmed.  The  ranges  of  non -s to i c h i ome t r y  are,  however, 
much  wider  than  assumed  previously.  These  are  indicated  by 
the  shaded  areas.  The  static  emf  measurements  indicate  the 
equilibrium  of  Li  ,Fe,S,  with  LijS.  Discrepancies  with  ear¬ 
lier  work  may  be  due  to  the  present  in-situ  investigation 
at  420°C  while  other  examinations  were  performed  at  room 
temperature. 

The  Gibbs  energy  of  the  reaction  of  lithium  with  FeS,  is 
plotted  in  Fig.  3  employing  equation  (3)  through  all  1-,  2- 
and  3-phase  regions  up  to  the  formation  of  2Li2S  +  Fe  (6=4) 
The  ternary  and  quasi  binary  regions  are  indicated  as 
straight  lines.  Taking  into  account  literature  data  (  1 7  ( 
for  the  Gibbs  energy  of  formation  of  FeS,  (-138  kj/mol), 
the  standard  Gibbs  energy  of  formation  of  stoichiometric 
Li^FeSj  from  the  elements  is  found  to  be  -543  kj/mel.  The 
corresponding  value  for  the  compound  Li,Fe,S,  is  -894 
kJ/mol  .  The  compositional  dependence  of  the  standard  Gibbs 
energy  of  formation  of  the  compounds  along  the  quasi  binary 
section  FeS-li,S  is  obtained  from  integration  of  the  emf 
between  the  Fe-S  leg  and  the  final  composition.  The  results 
are  shown  in  Fig.  4.  A  literature  value  of  -419.5  kJ/mol 
for  the  formation  of  li,S  at  420°C  (17)  is  used. 

The  ga 1 va no s t a t  i  c  currents  produce  variations  of  the  cell 
voltage  with  the  iqj''«  root  of  time  in  the  initial  stage 
as  long  as  a  sem i - i n f i n i t e  sample  may  be  assumed  (Tig.  5). 
This  shows  that  this  reaction  process  is  rate  determined  by 
diffusion  in  the  bulk  of  the  sample.  Deviations  from  the 
linear  E  -  yt  behaviour  are  also  due  to  non  -  1 i nea r  i  t  i  e s  of 
the  slope  dE/d6  of  the  coulometric  titration  curves  which 
causes  changes  of  the  enhancement  factor  and  chemical  dif¬ 
fusion  coefficient  with  the  variation  of  the  composition  at 
the  interface  with  the  molten  salt.  Fig.  6  shows  the  time 
dependence  in  the  reverse  direction.  The  slope  is  in  agree¬ 
ment  within  the  limits  of  experimental  error.  Similarly, 
linear  E  -  yt  relations  are  obtained  in  the  case  of  the 
presence  of  L  i  ,  F  e  .  S „  (Fig.  7).  A  plateau  is  observed  after 
the  sample  has  polarised  at  the  interface  with  the  molten 
salt  enough  SO  as  to  form  the  3-phase  region  Li,Fe.S,- 
Li.FeS  F  e  q  g  S  •  The  reaction  is  sufficiently  fast  in  this 


case  and  equilibrium  is  maintained  until  only  Li  FeS,  is 
present  at  the  interface.  The  variation  of  the  chemical 
diffusion  coefficient  for  the  various  phases  crossed  in  the 
course  of  discharge  of  an  FeS  electrode  is  given  in  Fig. 

8.  The  diffusion  process  is  fast  and  shows  a  chemical  dif¬ 
fusion  coefficient,  of  the  order  of  1 0  ‘  ’  cm  -/sec  for  solid 
Li.FeS  and  l  i  ,  F  e  S ..  .  The  diffusion  of  lithium  in  FeS  is  1 
-  2  orders  of  magnitude  slower  but  still  higher  than  typi¬ 
cally  in  metallic  systems.  This  enhanced  diffusion  is  rela¬ 
ted  to  internal  electrical  fields  to  drive  the  ions  in 
addition  to  the  concentration  gradient. 
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F  i  g  .  1  .  Coulometric  titration 
curve  for  the  reaction  of  Li 
with  FeS;  in  molten  LiCl-KCl 
(e)  salts  at  420°C 


Fig. 2.  Phase  diagram  of  the 
ternary  systems  Li-Fe-S  at 
420°C  (from  coulometric  ti¬ 
tration  and  static  emf- 
measurements  ) 


Fig. 3.  Gibbs  energy  of  re¬ 
action  of  Li  with  FeS,  as  a 
function  of  composition  at 
4  20  0  C 


Fig. 4.  Variation  of  the 
standard  Gibbs  energy  of 
formation  alonq  the 
quasibinary  section  FeS- 


0  5  to  6 

/l  [sec,/2l 


Fig. 5.  Variation  of  the  cell 
voltage  with  the  square  root 
of  time  for  the  ga 1 va nos t a t  i  c 
insertion  of  Li  in  L  i  ,  F  e  S  2 


*  tsec] 


0  5  »  15 

A  [sed'2] 

Fig. 6.  Variation  of  the  cell 
voltage  with  the  square  root 
of  time  for  taking  Li  out  of 
LijFeS;,  ga  1  vano  s  t  a  t  i  ca  1  1  y 


Fig. 7.  Variation  of  the  cell  Fig. 8.  Chemical  diffusion 
voltage  with  the  square  root  coefficient  of  Li  in  Li^FeS, 
of  time  for  the  electroche-  as  a  function  of  composition 
mical  reaction  of  Li  with  at  420°C 

LijFejS,.  The  plateau  indi¬ 
cates  the  formation  of  a 
3-phase  equilibrium 
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THE  LiAl  ANODE  IN  MOLTEN  SALT  AND  ORGANIC  MEDIA 
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ABSTRACT 


The  electrochemistry  of  the  LiAl  anode  in  molten  salt  and 
organic  media  was  investigated  using  cyclic  voltammetry, 
chronopotentiometry  and  chronoamperometry .  Electrochemical 
formation  of  the  8-LiAl  phase  was  shown  highly  dependent 
on  the  nucleation  polarisation  in  both  media  and  the 
difference  observed  is  attributed  to  the  difference  in  the 
operation  temperature.  Development  of  the  anode  as  indicated 
by  lowering  polarisation  potential  and  expanding  electrode 
structure  was  observed  upon  cycling.  The  impurities  was 
shown  to  have  a  greater  effect  on  the  cycling  efficiency 
using  the  organic  solvent.  Moreover,  an  unstable  passive 
film  was  formed  at  the  electrode  surface  as  a  result  of  the 
interaction  with  the  organic  solvent ,  which  occurred 
continuously  over  a  wide  span  of  the  cathodic  potential . 

On  the  other  hand,  the  anode/solvent  interaction  under  the 
molten  salt  medium  was  affected  by  the  liberation  of 
potassium  as  a  vapour,  which  only  occurred  at  a  highly 
cathodic  potential. 


INTRODUCTION 


Due  to  the  high  electronegativity  and  low  atomic  weight,  lithium  and 
its  alloys  orovide  promising  anode  materials  for  various  advanced 
battery  systems  (1,2).  The  alloying  of  lithium  with  aluminium  in  the 
form  of  LiAl  anode  is  at  present  the  most  promising  anode  due  to  the 
good  retention  of  the  corrosive  lithium  metal  and  a  moderate  lowering 
of  the  voltage  of  the  cell  (3-5).  The  LiAl  anode  has  thus  been  used 
in  the  molten  salt  batteries  and  in  the  organic  lithium  cells.  The 
use  cf  an  organic  medium  has  the  advantage  of  operating  the  cell  under 
ambient  temperature,  whereas  the  use  of  the  molten  salt  medium  pro¬ 
vides  a  cell  with  high  current  drain.  It  could  be  interesting  to 
compare  the  electrochemical  behaviour  of  LiAl  in  these  two  media  so  as 
to  identify  the  limiting  areas  in  each  system  and  to  provide  a  direct¬ 
ion  for  searching  new  media  to  be  used  in  the  secondary  lithium 
battery.  In  the  present  study,  MCl.KCl  eutectic  system  was  chosen 
as  the  molten  salt  medium  and  methyl  acetate  as  the  organic  medium. 
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Three  e  lect  roehemi  cal  techniques,  the-  cyclic  vol  tonne  try  ,  chror.oiote 
iometry  and  chronoanperonet  ry  ,  were  employed  for  the  invest  i  cat  :  or. 
the  electrochemical  kinetics  for  the  formation  of  the  Ia.Al  ant;-.:*  i : ; 
the  two  selected  media. 


nXFFKIMKNTAi. 


The  I  irl.K’.'l  “utett’c  mixture  was  iropar*.-  i  :  y  m:x;r.  :  jt:;  r  :  t  .  u*- 
amounts  of  LiCl  and  KC1  and  purified  bv  fusion  under  vacuum,  n reelect 
lysis  and  filtration.  Methyl  acetate  war  pr.fied  by  first  shakinr 
with  anhydrous  pot  ass :  .im  carbonate  to  reim-v*  ->-udi  •  :r  : -r  *  ;es  ,  tb*  • 
refluxed  with  a  cot  i  *•  anhydride  •'  Ac  mh/h)  for  *  be  Jr.  ;•  r  r-  fiacti 
distillation  to  rcnov*_-  met  banal  ,  finally  rt  fluxed  an  i  .ii  1*.-  :  w:  •  • 
pho-u  horus  pent  oxide-  r  -truon  a ‘.mo  -.ph'-r  e  *  led-Jv  ro..  * 

content  and  or.  1  y  the  middle  •  was  cc.  11c  .ted  afr-  r 
purified  solvent  was.  kept  in  the  dry  box  with  dt  hy  lr  at  •  i  rol-  ...ar 
sieve.  All  the  lith.iur.  salts  use  •  were  finelv  ground  and  dried  unde 
v  a  ci  ran  it  1Mvry  for  4P-  houi«  ;:*.*fe  r*-  ns«.  .  1  he  :.t  -  ;*i- 

f armed  inside  the  dry  box. 

as  the  work  mu  el.*  -t  r  >d*  :*„*r  the  molten  salf  and  the  or  -;ar. :  c  sy.,t-c. 

Ihe  electrode  was  first  dt  urease  i  with  ac-'orir,  thus:  rvchunical  y 
}.kj1  ished  to  a  mirror  diit.-.’  • :rface  w:  th  alunna  pe.-wd-.-r  ,  f-*iiew*.-d  :y 
clean  inti  in  an  ultrasonic  ba*h  with,  methyl  acetate.  ric  .:t  rocr.vr  2  :•  ] 
formed  I.iAl  (5c  a/o)  elect  rude  wan  used  as  th*.  r*  f  c .  r*-inc<  elect  re  J- 
for  the  molten  salt  ...lady,  whereas  -.1  M  An  /As  electrode  ir.  acetoniti. 
was  used  as  reference  electrode  for  the  anani  :  medium.  !  it:::  urn  m«  t 
or  thermally  preformed  I.iAl  alloy  was  u.-ed  as  rhe  cour.tr  r  elect  rod*- 
to  protM  le  a  ;our  :c  *.<f  lithium  f-.r  the  el-^-tv  ••  .i.*-m;  sal  •  v  -  :  t  . 

A  Princeton  Applied  Pc* search  iPARi  l~T'  "n  1  versa!  *  ro  j»  imr*  t  ,  s: 
PAP  17.?  Potent  lost  at  '  "-a  1  vanostat  and  a  PAP  1  7  4  biuital  •.  oulom* ■•*  «:  r 
•-.'ur  ren  t  -  to- Vo  lta-.se  •  ’on  verier  was  used  for  cyclic  vol  t  ansmet  r  i  e  stud:* 
and  chronoampe  rometr  1  c  studies,  while  a  rAs  A  3  Pot  out  ietd.at .  da  1  va:.o 
st  at  was  used  to  provide  constant  currents1  for  ch  run  ope  tent  •  or*  trie 
studies.  For  fast  transient  siqr.al,  Data  lab  L«I  5  31  t  r  ai.:- 1  • 

re-order  with  a  Tektronix  5*'  4  oscilloscope  a  .  t  a-vhm»j:;t  was  is-  d  for 
record inu ,  whereas  Houston  Instrument  Omni  ..rib*.:  y- !  record**  or 
be ter lino  Annas  (Model  57  5)  X-Y  recorder  was  ::sii  for  rocordi na  slew 
siqnal.  In  the-  cyclic  vhronopot  *-nt  iomet  r  ic  studies,  a  sol  f-const  r  a 
electronic  automatic  switching  unit  was  used  to  limit  the  coulomb*  of 
charqor.  plated  onto  the  elect  rod*  surface,  as  well  a--  to  revois-  the 
current  direction  at:  the  end  of  the  deposition  proces.-.  The  adjust  a 
timing  triqqer  was  supplied  by  the  chemical  Flection  i  c  Mn*Je  1 
Wave f o m  Te ne r a  to r . 


RESULTS  AND  DISCUSSION 


Electrochemical  formation  of  the  Li/Al  intermet a 1 1 i c_ phases 

The  appearance  of  a  critical  potential  (t  )  for  the  «j7  octrochemicu  l 
formation  of  the  .v — I . i A 1  phase  indicates  t tie  occur r--r.ee  of  nucleate:  on 
polarisation,  which  is  clearly  shown  to  •  .  :r  ir.  f reshly  prepared 

aluminium  electrode.  The  occurrence  of  a  potential  spike  and  luru*-- 
polarisation  potential  rlurinq  charg inq  and  i  i  s  charging  were  attribute; 
to  the  nucleation  polarisation,  as  both  of  them  are  markedly  decreased 
in  the  use  of  nonalloy  inq  substrate  such  as  nickel  r.*»tal  Co  .  Thi- 
nucleat  Lon  of  the  \ A1  on  aluminium  substrate  was  studied  using 
chronoamperometry  and  the  results  are  shown  in  fig.  1.  The  normal 
i-t  curves  were  obtained  upon  small  potential  step.  However,  a  current 
minimum,  followed  by  a  current  growth  curve  was  found  to  occur  after 
the  potentials  were  stepped  above  a  critical  value  in  both  the  molten 
salt  and  the  organic  media. 

The  growth  in  the  current  growth  re  : ion  for  the  .  i A f.  ru1  .  e 
was  shown  13)  to  follow  a  three-dimensional  growth  of  the  lithium  in 
the  direction  from  surface  to  the  bulk  of  the  aluminium.  As  t::*.? 
charge  transfer  rate  for  metal  deposition  ic  generally  high,  tug 
current  observed  wili  be  limited  by  mass  diffusion.  ' ‘rider  .  u:h 
conditions,  the  current  density  for  a  fixed  n-anboi  of  oi y-*. a  1  i  it ee  , 

N’c  ,  j  row  i  aq  by  horn  i  sphe  r  1  oa  1  di  f  f  us  ivo  flux,  is  :  i  vrr.  y  ♦  h*a  f 1  low- 


inq  equation  ('■))  : 
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The  difference  in  the  n  ideation  i.-ehavi  •j:u.  untli*r  molten  -a  1  ‘  ini 
rganio  media  i  s  mairly  <lu“  t- .  *  he  d  i  f  f  • -r-  t;  ■  •  m  *  enp-r  at  ’it  -  •  'fig.  1  ■ 


Both  systems  exhibit  the  existence  of  a  critical  potential  and  the 
change  in  the  nucleation  growth  mechanism  at  a  given  stepping  potent¬ 
ial.  The  chronoamperograms  differ  in  the  response  time  and  the  charge 
density.  Under  molten  salt  media, the  nucleation  rate  is  more  affected 
by  potential  and  it.  is  in  general  much  faster  than  the  use  of  the 
organic  solvent. 

Cycling  studies 

The  cyclability  of  the  LiAl  anode  is  shown  in  fig.  2.  The  polar¬ 
isation  potential  between  charging  and  discharging  is  shown  to  be 
much  less  in  the  molten  salt  medium.  Moreover,  well  defined  plateaus 
for  other  lithium  rich  intermetallic  phases  are  clearly  shown  using 
the  molten  salt  system  and  only  one  plateau  was  observed  under  the 
organic  medium.  This  is  due  to  the  occurrence  of  numerous  lithium 
rich  intermetallic  phases  and  the  chemical  reactivities  of  tne  anode 
towards  the  organic  solvent  at  ambient  temperature. 

The  LiAl  anode  is  shown  to  develop  upon  cycling  under  both  high 
and  low  temperature  systems.  The  polarisation  potential  was  shown 
(10,11)  to  decrease  upon  cycling  and  the  morphology  of  the  electrode 
was  expanded  and  developed  into  a  well  characterised  structure  under 
cycling  with  suitable  c.d.  The  nucleation  polarisation  was  also 
decreased  upon  cycling.  However,  impurities  like  H^O  or  oxide  was 
shown  (10)  to  have  a  more  marked  influence  on  the  cycling  efficiency 
for  the  organic  than  the  molten  salt  system. 

Anode/solvent  interaction 


The  interaction  between  the  anode  and  the  solvent  was  studied 
using  the  cyclic  voltammetric  technique,  as  the  system  can  be  tempor¬ 
arily  exposed  to  high  activity  lithium  alloys  during  the  cathodic 
scan.  The  results  are  shown  in  fig.  3.  Cyclic  voltammograms  for  the 
high  lithium  activity  alloys  are  well  characterised  in  the  molten  salt- 
study  and  scanning  into  very  cathodic  potential  leads  to  the  appear¬ 
ance  of  oscillating  current  in  the  stripping  voltammogram  due  to  the 
liberation  of  potassium  as  a  vapour  from  the  LiCl.KCl  eutectic.  More 
interesting  interaction  was  observed  for  the  organic  system.  Three 
cross-over  points  are  observed  in  the  cyclic  voltammogram  upon  succ¬ 
essive  cathodic  scan.  The  first  cross-over  is  due  to  the  activation 
of  the  electrode  surface  by  the  deposition  of  the  B-LiCl.  Thus,  the 
electrode  can  accept  more  lithium  at  the  reverse  scan.  The  second 
cross-over  is  due  to  the  formation  of  a  passive  film  at  the  electrode 
surface,  leading  to  a  reduction  in  current.  Further  cathodic  scan  leads 
to  a  breakdown  of  the  passive  film  with  subsequent  increase  in  current 
and  the  appearance  of  a  wavy  voltammogram.  Based  on  the  evidence  from 
the  identification  of  the  reaction  products  by  the  i.r.  and  N.M.R. 
techniques  (10) ,  the  following  reaction  mechanism  is  proposed  with  a 
two  step  reaction  initiated  by  the  abstraction  of  an  acidic  m  hydrogen 
from  methyl  acetate. 
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Step  L  : 


H  C-C-OCH, 

Z  ,  -3 


Li 


h2c  =  c-och 3  +  Hk2 


Step  2 : 


(Methyl  acetate) 

^  I 

H,C  =  C-OCH 

2  l 

CH  -C-OCH 

}* 

LfO 


(Lithium  adduct) 
O 

II 

C-OCH „ 


O  o 

ii  II 

CH3-C-CH  -C-OCH 


J  J 

T2 

\ry 

CH. -C-OCH 

Vi  3 

L.a' 


(Methyl  acetoacetato) 


>  +  I.i^OCH 


or  polymerization 


CONCLUSION 


The  formation  of  the  B-LiAl  is  shown  to  be  strongly  affected  by  the 
nucleation  of  the  B  phase,  which  grows  rapidly  three-dimensiona Lly 
after  the  potential  was  stepped  above  a  critical  value.  The  differ¬ 
ence  in  the  nucleation  polarisation  under  molten  salt  and  organic 
media  is  mainly  due  to  the  difference  in  temperature,  which  affects 
the  nucleation  rates  and  the  current  density.  The  Li Al  anode  is 
shown  to  develop  upon  cycling  under  both  high  and  low  temperature 
system.  The  polarisation  potential  was  found  to  decrease  while  the 
electrode  structure  was  developed  upon  cycling.  However,  only  one 
plateau  was  observed  under  the  organic  solvent  while  other  lithium 
rich  alloy  phases  were  suppressed  due  to  their  activities  with  the 
solvent.  For  the  same  reason,  impurities  in  the  solvent  affect  the 
cycling  efficiency  more  under  the  organic  solvent.  The  anode/sol vent 
interaction  as  studied  by  cyclic;  voltammetry  indicates  a  continued 
interaction  of  the  solvent  with  the  anode  over  a  wide  potent ia1  span 
in  the  organic  medium,  whereas  the  molten  salt  medium  only  deterior¬ 
ates  at  highly  cathodic  potential  with  the  liberation  of  potassium 
vapour.  The  formation  of  an  unstable  passivated  film  in  the;  organic 
medium  leads  to  further  interaction  of  the  anode  and  the  .solvent. 
Although  a  better  passive  film  can  be;  made  by  the  use  of  LiAsF^  (12, 
13) ,  the  reactivity  between  the  anode  and  the  organic  solvent  is  a 
major  problem  facing  the  use  of  the  organic  solvent.  The  recent 
development  of  the  room  tempe rature  molten  salt  system  may  provide  a 
medium  with  suitable  conductivity  and  inertness  towards  lithium  and 
its  alloys.  Initial  promising  results  were  obtained  in  the?  prelimin¬ 
ary  work  (14,15)  and  the  compatibility  of  various  room  temperature 
molten  salt  systems  towards  lithium  and  its  alloys  is  at  present 
investigated  in  our  laboratory. 
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ABSTRACT 

A  new,  inorganic  low  melting  electrolyte  with  the  com¬ 
position  L i A1 C 1 „ -NaAl C 1 . -NaAl Br „ -KA1 C 1 *  (3:2:3:2)  (or 
equivalently  LiAl Br u-NaAlCl . -KA1C1 .  (3:5:2))  has  been  de¬ 

veloped.  The  melting  point  for  this  neutral  melt  is  86°C; 
the  decomposition  potential  is  approximate ! y  2.0  Volts;  the 
ionic  conductivity  is  measured  in  the  range  97-401 rC  and  is 
at  100°C  0.142  ohm'^-cm-^  and  the  density  is  2.07  g  cm"3. 

The  conductivity  seems  to  be  an  almost  linear  combination 
of  the  conductivities  of  the  four  individual  halo  salts 
which  form  the  melt.  The  electrolyte  is  employed  in  the  re¬ 
chargeable  battery  system  A1 /e 1 ec t ro 1 y te/Ni , S,  at  100°C. 

The  open  circuit  voltage  of  this  system  with  the  low  melting 
electrolyte  is  from  0.83  to  1.0  Volts.  Dendrite  free  alu¬ 
minum  deposits  are  obtained.  The  cycling  behaviour  of  the 
battery  system  is  reported. 


INTRODUCTION 

The  need  for  better  rechargeable  batteries  is  well-known, 
but  most  authors  have  been  working  with  alkali  metal  anodes. 
In  the  las'-  few  years,  aluminum  has  instead  been  investi¬ 
gated  for  battery  su i t abi 1 1 ty,  especi a  1 ly  in  Denmark  (1-3), 
Japan  (4)  and  other  countries.  Melts  of  NaCl-AlCl,  or  KC1- 
NaCl-AlCl,  have  been  the  most  popular  electrolytes  in  the 
temperature  range  from  130  to  240°C,  but  room  temperature 
molten  salts,  like  imidazol  lum- or  butvlpyridinium-chioride 
aluminum  chloride  mixtures,  have  also  been  used  in  a  number 
of  cases  (see  ref.  5  for  a  recent  survey). 

The  advantage  of  electrolytes  that  can  be  used  at.  room 
temperature  is  obvious,  but  unfortunately  the  above  men¬ 
tioned  large-cation  organic  melts  have  low  ionic  conducti¬ 
vities  and  high  w/eights  compared  to  the  inorganic  medium- 
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or  high-temperature  melts.  Further  the  organic  melts  are 
less  stable  -  depending  on  composition  -  in  contact  with 
aluminum  metal. 

Therefore,  it  is  desirable  to  develop  an  inorganic  elec¬ 
trolyte  which  is  molten  at  room  temperature.  So  far  NaAlCl* 
has  been  used  at  175°C  in  most  of  our  battery  work  (1-3). 
When  pure  it  melts  at  156.7+0. 1°C  (6).  If  NaCl  is  mixed  with 
KC1  and  sufficient  AICI3  is  added,  it  is  possible  to  reach 
very  low  melting  acidic  compositions;  melting  points  down 
to  70°C  have  been  reported  (7).  Unfortunately  the  ionic  con¬ 
ductivity  is  low  and  the  vapor  pressure  is  not  vanishing. 
This  makes  acidic  melts  (i.e.  excess  of  AICI3)  undesirable 
as  battery  electrolytes. 

We  adopted  another  policy  in  trying  to  find  a  low-tempe- 
rature  electrolyte,  mixing  alkali  tetrahalo-aluminate  salts 
which  are  neutral.  By  careful  purification  of  the  chemicals, 
followed  by  mixing  various  amounts,  we  have  so  far  succeeded 
in  obtaining  an  electrolyte  with  a  rather  low  melting  point, 
as  described  elsewhere  (8) .  Here,  preliminary  determinations 
of  some  physicochemical  properties  are  reported. 

Finally,  to  examine  the  applicability  of  the  melt,  three 
test  batteries  have  been  constructed  in  a  new  cell  design. 
The  batteries  were  tested  at  lOO^C  and  compared  to  earlier 
(1-2)  measurements  on  a  similar  battery  system  with  a 
NaAICK  electrolyte  at  175°C. 


EXPERIMENTAL 

All  manipulations  with  the  chemicals  were  performed  in 
nitrogen-filled  glove-boxes. 

The  alkali  halides  were  made  from  analytical  grade  re¬ 
agents  purified  in  the  molten  state  by  flushing  with  dry, 
analytical  grade  hydrogen  halide  gas  (6) .  The  aluminum 
halides  were  purified  by  distillation  (6). 

The  individual  alkali  aluminum  halide  salts  were  made 
from  the  above  mentioned  salts  and  purified  by  recrystalli¬ 
zation  or  zone  refining,  as  described  recently  (9).  The 
electrolyte  was  finally  made  by  weighing  the  three  salts  in  the 
wanted  ratios  and  sealing  the  ampoule.  After  equilibration 
at  125°C  in  a  rocking  furnace,  the  electrolyte  was  taken  out, 
solidified  and  ground  in  a  glove  box.  This  material  was  kept 
in  sealed  ampoules  until  used. 

The  nickel  sulfide  electrodes  were  made  from  Ni}S2  (from 
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Cerac  99,9%),  active  carbon  powder  (Darco  G60  from  Fluka) 
and  a  teflon  dispersion  (from  Dupont).  As  separator  a  boron 
nitride  felt  obtained  from  Argonne  Natl.  Lab.,  USA,  was  used. 

The  conductivity  measurements  were  performed  as  earlier 
described  (10). 

Determination  of  the  particular  mixture  having  the  lowest 
possible  melting  point  was  done  as  described  elsewhere  (8) . 

The  density  was  determined  visually,  using  an  ampoule 
with  markers  immersed  in  a  thermostated  oil  bath. 

The  quality  of  electrolytically  deposited  aluminum  was 
examined  in  the  cell  shown  in  Figure  1 .  Of  special  interest 
is  the  question  whether  or  not  dendrites  will  be  formed 
during  charging  (i.e.  the  plateabi 1 ity ) .  For  the  cell  in 
Figure  1,  square  pyrex  tubing  was  used  to  facilitate  obser¬ 
vations  of  the  electrodes.  The  cell,  filled  with  electrolyte, 
was  placed  such  that  it  could  be  observed  and  photographed 
directly  while  inside  an  oven  of  our  own  construction, 
heated  with  circulated  air  and  controlled  by  a  PID  regulator. 
The  electrodes  of  the  cell  were  observed  using  a  Zeiss  Jena 
Technical  2  Stereo  Microscope  equipped  with  an  Olympus  OM-2 
SLR-camera  and  a  Schott  KL  1500  cold  light  source.  For  cyc¬ 
ling  of  the  cell,  a  high-precision  chronoamperostat ,  built 
in  this  laboratory  (11)  was  used,  connected  to  a  chart  re¬ 
corder.  The  same  cell  and  experimental  set-up  was  used  also 
to  determine  the  electrochemical  window  of  the  electrolyte. 

The  testing  of  the  batteries  was  performed  using  a  oil 
bath  with  mechanical  stirring  and  a  PID-regu la tor .  The 
battery  test  equipment  has  been  described  elsewhere  (1). 

The  battery  test  cell  design  is  shown  in  Figure  2. 


RESULTS  AND  DISCUSSION 

Melting  point.  By  observing  the  melting  points  of  a  large 
number  of  mixtures  (8),  is  was  found  that  the  3:5:2  LiAlBri,- 
NaAlCli.-KAlCli,  melt  was  the  one  which  remained  totally  liq¬ 
uid  down  to  the  lowest  temperature:  86±1^C. 

Density .  The  density  p  of  the  mixture  was  measured  at  ca. 
100°C  to  be  2 . 07 ' 0 . 02  g*cm-3. 

Plateability .  In  the  cell  shown  in  Figure  1,  aluminum 
was  deposited  on  the  carbon  electrode  (D)  by  electrolysis. 
Cathodic  current  densities  from  1.4  to  706  mA/cm^  was  used. 
The  time  was  chosen  so  that  the  passed  total  charge  was  ca . 

2  C  in  each  case,  i.e.  30  C/cm^.  This  amounts  to  an  aluminum 
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layer  of  0.01  mm.  During  electrolysis  u.e  potential  was 
recorded . 

After  formation,  the  aluminum  deposit  was  photographed. 
In  all  experiments  with  1.4-70  mA/cm^  a  dense  layer  of  alu¬ 
minum  was  obtained.  This  corresponds  to  a  high  plateabili- 
ty,  in  contrast  to  what  was  found  previously  for  NaAlCl. 
melts  (12).  At  the  highest  current  densities  0 . 1 4 -0 . 7  A'cm- 
the  deposits  were,  however,  more  porous  (i.e.  the  layer 
appeared  thicker  and  less  dense)  but  absolutely  no  dendrites 
nor  other  well-defined  crystals  were  seen,  (in  contrast  to 
what  was  seen  in  NaAlCl.,  electrolytes,  cf .  Figure  3) . 

No  passivation  phenomenon  was  observed. 

After  each  plating,  the  aluminum  was  stripped  off  again, 
by  reversing  the  potential.  The  glassy  carbon  electrode 
was  made  perfectly  smooth  (mirror-like)  before  a  new  depo¬ 
sition  electrolysis  was  started. 

Anodic  decomposition  potential.  Reverse  electrolysis 
(electrode  stripping)  was  used  to  determine  the  "electro¬ 
chemical  window"  of  the  electrolyte.  The  anodic  current 
was  measured  as  a  function  of  the  applied  potential.  At  the 
same  time  the  cell  was  being  observed  for  finding  the  po¬ 
tential  at  which  evolution  of  a  brown  gas  started.  By  plot¬ 
ting  the  current  versus  voltage  and  extrapolating  to¬ 
wards  zero  current  and  comparing  to  visual  observation  of 
bromine  evolution,  a  decomposition  value  of  2. 0*0.1  Volts 
at  100°C  was  obtained. 

This  value  should  be  compared  to  a  value  of  2. 5 *0.1  Volt, 
obtained  at  175°C  by  extrapolation  of  similar  measurements 
(13)  on  a  near  neutral  NaCl-AlCli  molten  salt  in  the  tem¬ 
perature  range  300-660°c.  Our  own  determi na t ion  of  the  de¬ 
composition  potential  of  molten  NaAlCl..  at  175°C  was  2.4' 
0.1  Volt  (12).  In  this  case,  a  yellow  gas  evolved  (accord¬ 
ing  to  the  reaction  4A1CU  •  Cl.  +  2A1.-C1T  +  2e“)  .  The 
lower  decomposition  potential  of  the  low-temperature  elec¬ 
trolyte  is  not  to  be  ascribed  to  a  temperature  phenomenon, 
since  decomposition  potentials  normally  increase  at  lower 
temperatures  (13)  .  Instead,  it  is  due  to  Br;  formation. 

Conductivity  of  the  low  melting  electrolyte.  The  results 
of  our  measurements  are  presented  in  Figure  4 .  The  known 
conductivity  i  =  1,2, 3, 4,  of  the  four  tetrahalo  com¬ 

pounds  (10,14-1^)  from  which  the  low  melting  system  can  be 
made  (i.e.  LiAlCl -NaAlCl,.  -NaAlBr,.  -KA1CU  (  3  :  2  :  3  :  2 )  )  are 
also  included.  It  can  immediately  be  seen  that  the  conduc¬ 
tivity  of  the  low  melting  mixture  cannot  be  far  from  a 
weighted  average  based  on  the  molar  fractions  Xt  of  the 
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A  quantitative  examination  of  this  idea  in  the  tempera¬ 
ture  range  267-349°C  where  comparison  can  be  made  shows 
that  the  difference  between  the  weighted  average  conductivity 
("'model  ~  <lXl  +  +  •  jX>  *  ■  i.X,)  and  the  measured 

conductivity  K  varies  between  0. 8-3.0%.  In  this  respect 
we  are  dealing  with  almost  ideal  liquids. 

The  conductivity  of  the  low  melting  system  naturally  de¬ 
creases  with  decreasing  temperature  but  even  at  the  melting 
point  of  the  mixture,  a  fairly  high  conductivity  is  found 
(extrapolated  value  of  •  =  0.117  ohm-1  cm-1  at  86°C). 

The  measured  conductivities  are  given  in  Table  1. 

Test  of  batteries.  The  battery  cell  design  is  shown  in 
Figure  2.  A  representative  number  of  cycles  are  shown  in 
Figure  5.  Ceil  A,  B  and  C  differeci  by  the  shape  of  the  ca¬ 
thode:  a  flat  circular-,  a  cylinder  wall-  and  a  thick  cy¬ 
linder-wall-cathode,  respectively.  The  open  circuit  voltage 
was  -  after  assembly  -  0.87V,  1.0V  and  0.83V,  respectively. 
The  cell  testing  conditions  were  the  same  for  cell  A  and  B 
whereas  for  cell  C,  the  charge/discharge  currents  were  in¬ 
creased  successively  after  eye  e  no.  39,  as  described  in  the 
caption  of  Figure  5. 

A  graphical  presentation  which  helps  evaluation  of  the 
results  is  shown  in  Figure  6.  The  charge  efficiency  is  de¬ 
fined  as  (mAh,  discharge) / (mAh ,  charge)  and  the  energy  ef¬ 
ficiency  is  defined  as  the  charge  efficiency  times  (aver¬ 
age  discharge  voltage )/ (average  charge  voltage) .  The  cell 
performance  seems  not  good  compared  to  the  Al/NaCl-AlCl  ■•  / 
NijSj  system  at  17-j°C  (1-2).  The  lower  temperature  may  be 
causing  some  of  the  difference. 

The  metal  housing  excludes  visual  observation  of  the 
interior  of  the  battery.  The  highly  fluctuating  efficien¬ 
cies  are  probably  related  to  shorting  problems  at  the  glass 
feed-through  (Figure  2B) ,  which  in  principle  can  be  solved. 
The  fact  that  the  cells  can  exhibit  high  efficiencies  can 
be  interpreted  to  show  that  the  battery  system  is  promis¬ 
ing.  More  work  has  to  be  done  i.i  this  field. 
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Table  I.  Spr  ;itic  Conductivity  of  LiAlBr 
(3:5:2)  as  a  Function  cf  Temperature: 


t,°C 


obs 


1  - 


97.0 

108.0 

127.8 

151.3 

177.3 

200.8 

248.3 

297.3 
324.0 

346.5 
375.8 

400.5 


0.136 

0.155 

0.198 

0.252 

0.313 

0.367 

0.472 

0.572 

0.623 

0.662 

0.709 

0.747 


. ;  Fannin  Jr  .  , 
1650-1654  . 

118,  425-428. 

S . J . :  J .  Electro- 


„-NaAlCl„-KAlCl„ 

1 


663 


f 


Figure  3.  Photographs  showing  typical  deposits  obtained 
during  plateability  experiments,  using  A:  The  new  low 
temperature  melt  at  10 O^C,  B:  The  NaAlCl,.  electrolyte  at 
1 7  5°C ,  in  both  cases  using  a  current  density  of  1.4  mA/cm2. 
In  A  a  dense  A1  plate,  in  B  A1  dendrites  are  formed. 
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PERFORMANCE  OF  Na/Se(IV)  MOLTEN  CH LORO ALUM I NATE  BATTERIES 

Morio  Matsunaga  and  Kunisuke  Hosokawa 

Department  of  Industrial  Chemistry 
Kyushu  Institute  of  Technology 
Tobata,  Kitakyushu  804,  JAPAN 


ABSTRACT 

This  paper  describes  recent  progress  in  the 
development  of  a  new  rechargeable  cell,  sodium/ 
tetravalent  selenium  in  AlCl3-NaCl  melts.  From 
the  theoretical  consideration  of  the  energy 
density  of  sodium/molten  chlorides  battery  the 
utilization  of  basic  chloroaluminate  melts  is 
discussed.  A  cell  with  current  collector  of 
carbon  felt  shows  high  energy  density  (i415 
Wh/kg),  when  it  operates  within  both  acidic  and 
basic  melts.  The  design  of  the  positive  compart¬ 
ment  is  also  discussed. 


INTRODUCTION 

Several  kinds  of  batteries,  which  utilize  aqueous, 
organic,  molten  salt,  and  solid  electrolytes,  have  been 
extensively  studied  for  the  load  leveling  and  electric 
vehicle  applications.  A  new  rechargeable  Na/X  cell  is  one 
of  the  most  attractive  batteries  because  of  high  voltage, 
high  energy  density,  and  high  energy  efficiency.  This  type 
cell  is  composed  of  sodium  anode,  molten  salt  cathode,  and 
a  separator  conductive  to  sodium  ions.  Several  kinds  of 
molten  salts  could  be  utilized  in  this  type  cell,  in  which 
only  sodium  ions  could  permeate  the  solid  electrolyte. 
Especially,  acidic  melts  such  as  haloaluminates  offer  many 
advantages  for  the  battery  appl icat ions ; 1 . e . ,  low  liquidus 
temperature  and  high  conductivity. 

Several  kinds  of  Na/X  type  cells  with  a  molten  chlo¬ 
roaluminate  electrolyte  have  been  reported;  e.g.,  Na/SbCl3 
(1),  Na/S ( IV )  (2-4),  Na /Se ( I V )  (5,6),  Na/Cl2  (7),  and 
Na/Fe(II)  (8).  Among  them  the  cells  which  utilize  tetra¬ 
valent  sulfur  or  selenium  show  quite  high  open  circuit 
voltage  and  high  energy  density.  This  report  describes  the 
theoretical  consideration  on  energy  density  of  Na/X  cells 
and  the  improvement  of  positive  mix  composition  of  a 
Na/Se(IV)  cell  as  well  as  the  material  and  design  of 
positive  current  collector. 
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EXPERIMETAL 


Commercial  reagents  of  AICI3  and  NaCl  were  purified 
as  follows.  AICI3  was  subl imed  through  a  glass  filter  after 
reaction  with  aluminum  metal(mSN)  for  one  day.  Narl  was 
cried  under  vacuum  for  several  days  at  400°C.  Commercial 
crade  of  selenium(m6N )  was  used  without  pretreatment.  Salt 
mixtures  were  prepared  with  purified  chemicals  in  a  glove 
box  filled  with  high-purity  nitrogen.  Sodium  metal  was 
purified  by  double  filtration. 

Typical  cell  arrangements  used  in  this  study  are 
shown  in  Fig.1.  Each  cell  consisted  of  a  Pyrex  glass 
compartment  filled  with  positive  mixture,  which  was 
separated  from  the  sodium  electrode  by  means  of  a  beta"- 
alumina  tube  ( NGK  Spark  Plug  Co.).  Carbon  felts(GF-20, 
Nippon  Carbon  Co.)  and  tungsten  spiral  were  used  as  the 
cathode  and  anode  current  collectors,  respectively. 


RESULTS  AND  DISCUSSION 

High  energy  density  is  one  of  the  most  important 
characteristics  reguired  for  new  batteries  which  will  be 
applied  for  load  leveling  and  electric  vehicle.  To  develop 
high  performance  sodium/molten  chlorides  cells,  the  theo¬ 
retical  energy  density  is  discussed  in  relation  to  the 
range  of  melt  composition  changed  during  a  charge- 
discharge  cycle.  As  an  example  we  consider  the  following 
cathode  reaction  for  a  Na/X  cell, 

MeClm  +  ze  =  MeC 1 ( m - z )  +  z  Cl”  [1] 

here  MeCl^,  and  MeClra_z  correspond  to  the  positive  active 
species  at  charged  and  discharged  states,  respectively. 
Although  these  species  usually  exist  as  anions  in  melts, 
we  will  treat  all  the  species  as  neutral  molecules  to 
simplify  the  discussion.  From  Eq.[1]  the  total  cell 
reaction  with  z  electron  transfer  becomes  as  follows 

z  Na  +  MeClra  =  z  NaCl  +  MeCl(ra-z)  [21 

Here  we  will  consider  the  cells  which  use  molten  AICI3  - 
NaCl  as  the  positive  solvent.  In  this  cell  the  sodium 
chloride  content  increases  and  the  melt  becomes  basic  with 
discharging.  The  range  of  melt  composition  changed  during 
the  cycle,  therefore,  relates  to  the  energy  density  of  a 
Na/X  ceil.  When  the  molar  ratio,  N ( A1C1 3 ) /N ( NaCl ) ,  is 
x/(1-x)  at  fully  discharged  and  y/(1-y)  at  fully  charged 
state,  the  energy  density  of  the  cell  will  be 


670 


2.68  x  10  (1/x  -1/y)  (Eave/V) 

ED/Whkg  =  - -  [3] 

74.90  +  58.44/x  +  (M/z)(1/x  -1/y) 

In  this  equation  M  is  the  moiecular  weight  of  discharged 
product  MeCl(m_z)  and  Eave  is  the  average  cell  voltage. 
Fig. 2  represents  the  relations  between  equivalent  weight 
of  the  positive  active  mass  and  the  theoretical  capacity 
density  of  a  cell  which  operates  within  four  ranges  of 
melt  composition.  In  this  figure  the  scale  to  estimate  the 
theoretical  energy  density  from  the  average  cell  voltage 
is  also  shown.  These  results  suggest  that  there  are  two 
ways  to  improve  the  energy  density  of  Na/X  batteries.  One 
is  utilization  of  the  positive  material  of  which 
equivalent  weight  is  low.  The  other  method  is  to  operate 
the  cells  within  wider  range  of  melt  composition.  Although 
a  Na/S(IV)  cell  has  quite  high  electromotive  force  and 
good  charge-discharge  behavior  (2-4),  this  cell  can  work 
only  in  an  acidic  region  such  as  between  80/20  and  50/50 
of  AlCl3/NaCl  molar  ratio.  On  the  other  hand,  tetravalent 
selenium  and  tellurium  are  stable  in  both  acidic  and  basic 
AlCl3-NaCl  melts.  In  this  study  the  performance  of 
Na/Se(IV)  cells  has  been  investigated  to  demonstrate  this 
consideration  on  the  energy  density  of  Na/X  cells. 

At  first  the  performance  of  two  kinds  of  Na/Se(IV) 
cells  were  studied,  of  which  the  positive  current  collec¬ 
tors  were  simple  tungsten  spiral.  The  positive  melt  in  one 
cell  kept  basic  during  the  operation,  and  the  other 
utilized  both  acidic  and  basic  melts.  The  Na/Se(IV)  cell 
can  discharge  smoothly,  when  the  melt  composition  is  in  an 
acidic  region.  When  the  melt  is  saturated  with  sodium 
chloride,  the  cell  voltage  at  discharging  abruptly  changed 
and  the  tungsten  electrode  is  covered  with  transparent 
solid  which  might  be  sodium  chloride.  These  results 
suggest  that  the  Na/Se(IV)  cell  operating  in  basic  melt 
region  requires  new  positive  current  collector  of  which 
surface  area  is  quite  large. 

To  find  the  discharging  limit  of  melt  composition  in 
basic  region,  the  performances  of  three  cells,  CS-52,  CS- 
53  and  CS-54,  have  been  studied  which  utilize  carbon  felt 
current  collector  as  shown  in  Fig.1.  The  melt  composition 
and  the  amount  of  A1C1  -NaCl  melt  at  fully  charged  state 
are  almost  the  same  in  these  cells  as  shown  in  Table  1. 
The  typical  charge-discharge  curves  observed  in  these 
cells  are  shown  in  Fig. 3.  Each  cell  shows  stable 
discharging  voltage  before  the  AlClj/NaCl  molar  ratio  in 
melts  approaches  35/65,  and  sodium  chloride  content  at  the 
discharging  limit  becomes  richer  with  an  increase  of  theo¬ 
retical  capacity.  The  dependence  of  energy  density  and 
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percent  utilization  of  tetravalent  selenium  on  discharge 
current  density  is  shown  in  Fig. 4.  This  figure  depicts 
also  the  energy  efficiency  observed  when  the  charging 
current  is  a  half  of  discharging.  Each  cell  shows  high 
energy  density  more  than  300  Wh/kg  with  lower  discharging 
current  density  at  225°C,  and  the  highest  value  was 
obtained  for  a  cell  CS-54.  On  the  other  hand,  the  percent 
utilization  decreases  with  an  increase  of  the  theoretical 
capacity.  In  these  cells  the  discharge  limit  relates  to  the 
coverage  of  the  carbon  felt  with  solid  sodium  chloride. 
The  results  obtained  here,  therefore,  suggest  that  the 
AlC^/NaCl  molar  ratio  at  full  discharge  should  be 
in  the  range  between  35/65  and  30/70.  Of  course  this  melt 
composition  depends  on  the  ratio  of  the  surface  area  of 
current  collector  to  the  amount  of  positive  mixture.  The 
electric  conductance  of  carbon  felt  and  the  design  of  the 
positive  compartment  also  influence  the  capacity. 

The  cell  CS-54  shows  lower  polarization  than  the 
other  two  cells  as  observed  in  Fig. 3.  Especially  the  cell 
voltage  at  charging  is  quite  flat  in  this  cell.  The  cell 
design  of  these  cells  was  similar,  since  that  of  CS-52  and 
CS-53  was  A-I  type  in  Fig.1,  and  CS-54  was  B-I.  However, 
the  carbon  felt  was  wholly  dipped  in  the  positive  melt  in 
the  cell  CS-54,  although  only  impregnated  with  rr.eit  in  the 
cells  CS-52  and  CS-53.  This  difference  influences  the 
polarization  especially  at  the  charging.  In  cells  CS-52 
and  CS-53  the  distribution  of  melt  compositon  is  not  uniform 
because  of  the  low  viscosity  of  the  melt.  At  charging  the 
melt  in  the  upper  part  of  carbon  felt  easily  changes  to  be 
acidic,  although  that  in  the  lower  part  keeps  basic.  As  it 
is  known  that  higher  polarization  is  observed  at  charging 
in  an  acidic  melt,  the  high  voltage  at  the  end  of  charging 
as  shown  in  Fig. 3  might  be  due  to  the  above  phenomenon.  On 
the  other  hand,  cell  CS-54  has  an  uniform  distribution  of 
melt  composition,  and  then  flat  voltage  at  charging  was 
observed . 

It  has  become  apparent  that  a  Na/Se(IV)  cell  could 
discharge  even  if  the  positive  melt  would  be  saturated 
with  sodium  chloride.  To  improve  the  energy  density  we 
prepared  an  experimental  cell  CS-61  which  would  work  theo¬ 
retically  within  the  me  1 1 conpo s  i  t ion  range  between  65/35 
and  30/70  as  shown  in  Table  1.  The  structure  of  this  cell 
corresponds  to  C-II  type  in  Fig.1,  and  the  positive 
current  collector  is  wholly  dipped  in  the  melt  similar  to 
cell  CS-54.  The  typical  charge-discharge  curves  observed 
in  this  cell  are  shown  in  Fig. 5.  The  dependence  of  the 
energy  density,  percent  utilization,  and  energy  efficiency 
on  discharge  current  density  is  shown  in  Fig. 4  together 
with  the  results  in  the  above  three  cells.  This  cell  shows 
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relatively  low  polarization  at  charging  and  discharging. 
Only  at  the  end  of  charging  the  polarization  had  increased 
due  to  the  change  of  melt  composition  to  be  acidic.  The 
energy  density  obtained  at  1.0  A  discharging  is  quite  high 
such  as  415  Wh/kg  in  this  cell.  The  percent  utilization  of 
tetravalent  selenium,  however,  becomes  low  with  higher 
current  than  2.0  A.  This  poor  performance  at  high  current 
densities  might  relate  to  the  design  of  positive  current 
collector.  Then  it  would  be  necessary  to  improve  the 
design  and  material  of  the  current  collector  in  order  to 
obtain  better  performance  at  high  current  density. 

We  have  reported  a  Na/S(IV)  cell  with  tungsten  posi¬ 
tive  current  collector  had  run  for  17  months  at  nearly 
100%  depth  of  discharging  with  no  significant  rate  of 
degradation  (4)  .  For  Na/Se(IV)  cells  with  carbon  felt 
current  collector,  however,  the  degradation  of  percent 
utilization  and  energy  efficiency  was  usually  observed  as 
shown  in  Fig. 6.  When  graphite  powder  is  suspended  in 
chloroaluminate  melts  with  tetravalent  chalcogens,  grap¬ 
hite  intercalation  compounds  are  formed.  Then  the  above 
degradation  of  performance  might  relate  to  the  formation 
of  intercalation  compounds.  The  other  materials  such  as 
porous  vitreous  carbon  should  be  used  tor  this  type  cell. 
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Figure  2  .  Theoretical  Capacity  and  Energy  Densities 
of  Na/X  Cells  Which  Utilize  AICI3-  NaCl  Melts 
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Figure  1  .  Schematic  Diagrams  of  Experimental  Cell 
(a)  Tungsten  Wire  (b)  Sodium  Inlet  (c)  Positive 
Mix  Inlet  (d)  Pyrex  Glass  (e)  Sealing  Glass 
(f)  Sodium  (g)  Beta "-Alumina  (h)  Carbon  Felt 
(i)  Molybdenum  Sheet  (j)  Tungsten  Spiral 


Table  1 


Specifications  for  Four  Na/Se(IV)  Cells 
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Figure  5.  Charge-Discharge  Curves  of  A  Higr.  Energ 
Density  Na/Se(IV)  Cell  at  22 5:C. 
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Figure  6.  Change  of  Performance  of  A  Na/Se(JV) 
Cell  with  Number  of  Cycles 
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ON  THE  TECHNOLOGICAL  STATUS  OF  MOLTEN  CARBONATE  FUEL  CELLS 
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ABSTRACT 

Molten  carbonate  fuel  cells  (MCFCs)  are 
presently  under  development  for  electric 
utility  power  generation.  Much  progress  has 
been  made  in  the  MCFC  technology  during  the 
last  ten  years.  This  paper  examines  and 
summarizes  the  technological  status  of  the 
MCFC.  Emphasis  is  placed  on  discussion  of 
technical  issues  such  as  cathode  dissolution 
corrosion,  electrode  deformation,  electrolyte 
loss,  sulfur  contamination,  and  internal 
reforming.  A  brief  discussion  of  the 
importance  of  electrolyte  basicity  in  MCFCs 
is  also  given. 


INTRODUCTION 

The  molten  carbonate  fuel  cell  (MCFC)  represents  one 
of  the  most  important  applications  of  molten  salts.  The 
fuel  cell  employs  molten  carbonates  as  the  electrolyte. 
Carbonate  mixtures  are  the  only  electrolytes  which  are 
invariant  with  respect  to  the  electrochemical  combustion  of 
hydrogen  and  carbon  monoxide,  thus  providing  the  basis  for 
the  fuel  cell.  The  overall  reactions  are  as  follows: 


Anode : 

H2  +  C032'  =  H20  +  C02  +  2e 

[1] 

CO  +  C032-  =  2C02  +  2e 

[2) 

Cathode : 

l/202  +  C02  +  2e  =  COj  2- 

[3) 

The  state-of 
stabilized  nickel 

-the-art  MCFC  consists  of 

anode  (fuel  electrode)  and 

a  porous 
a  porous 

lithium-doped  nickel  oxide  cathode  (oxidant  electrode), 
separated  by  a  lithium  aluminate  matrix  filled  with  lithium 
and  potassium  carbonates  (62-70  mol%  Li2C03)  as  the 
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electrolyte.  The  cell  is  operated  at  a  temperature  of 
about  925  K  and  at  a  pressure  of  1  to  10  atm;  the  fuel  gas 
is  a  humidified  mixture  of  H2  and  CO,  and  the  oxidant  is  a 
mixture  of  O2  and  CO2  which  may  contain  water  vapor. 

Present  MCFC  designs  are  based  on  a  planar 
geometrical  configuration.  Practical  electrical  power 
generation  is  achieved  by  stacking  a  series  of  cells  to 
build  voltage.  A  bipolar  plate  carries  electrons  from  the 
anode  of  one  cell  to  the  cathode  of  the  next  in  electrical 
series.  The  essential  components  of  a  MCFC  stack  is  shown 
in  Fig .  1 . 

The  MCFC  operating  temperature  (about  925  K)  is  high 
enough  to  produce  valuable  waste  heat.  The  waste  heat  can 
be  used  to  supply  heat  for  bottoming  cycles  and/or 
cogeneration  purposes  (process  or  space  heat).  In  an  MCFC 
power  plant  using  natural  gas  fuel,  the  most  important 
process  heat  use  will  be  for  the  reforming  of  methane.  For 
MCFCs ,  internal  reforming  of  methane  is  possible  (i.e.,  the 
waste  heat  is  directly  available  within  the  fuel  cell  for 
the  conversion  of  methane  directly  to  hydrogen  and  carbon 
monoxide  in  a  driven  reforming  reaction  in  the  anode  region 
of  the  fuel  cell).  The  internal  reforming  capability  of 
the  MCFC  offers  higher  system  efficiencies. 

The  MCFC,  following  a  very  intensive  development 
effort  during  the  last  ten  years,  may  be  approaching  the 
threshold  of  commercialization.  The  MCFC  market  includes 
electric  utility,  cogeneration,  and  on-site  applications. 
This  paper  examines  and  summarizes  the  technological  status 
of  the  MCFC.  A  brief  discussion  of  the  importance  of 
electrolyte  basicity  in  MCFCs  is  also  given. 


TECHNOLOGICAL  STATUS  OF  MOLTEN  CARBONATE  FUEL  CELLS 

Commercial  MCFCs  are  expected  to  range  in  cell  area 
from  0.37  to  1.5  m2  (4  to  16  ff2).  The  number  of  cells  per 
stack  is  expected  to  range  from  75  to  700,  giving  a  total 
stack  height  rannp  of  0.46  to  5.1  m  (18  to  200  inches).  An 
electrical  generating  plant  will  contain  one  or  more  of 
these  stacks,  each  of  which  will  have  an  output  of  5  kW  to 
1  MW  (1).  Recent  MCFC  developments  in  the  U.S.  are  focused 
on  stack  design  and  operation  and  development  of  a 
fundamental  understanding  of  reactions,  materials, 
kinetics,  and  processes  in  an  operating  fuel  cell. 
Although  there  are  as  yet  no  stacks  in  operation  of  the 
size  envisioned  for  commercialization,  results  on  subscale 
stacks  [  20  cells  with  930  cm2  (l  ft2)/cell]  are  very 
encouraging.  A  subscale  stack  was  operated  for  5000  h  (1). 
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The  average  cell  performance  of  the  stack  met  prediction 
and  duplicated  the  single  cell  data  (Fig.  2)  (2).  Testing 
of  an  0.74-m2  ( 8— f 1 2 )  short  stack  (20  cell)  is  in  progress 
(2).  Several  major  technical  issues  have  been  identified, 
and  the  status  of  each  of  these  issues  is  discussed  below. 

*  Cathode  dissolution:  The  instability  of  NiO  during 
cell  operation  is  now  considered  one  of  the  major  technical 
difficulties  facing  MCFC  development  (3).  Nickel  oxide  has 
a  small  degree  of  solubility  in  the  carbonate  electrolyte 
in  the  fuel  cell  cathode  environment  (about  10-15  ppm). 
However,  the  dissolved  nickel  ions  diffuse,  under  a 
concentration  gradient,  from  the  cathode  toward  the  anode. 
At  some  location  between  the  two  electrodes  and  under  the 
influence  of  reducing  conditions  caused  by  the  anode  gas, 
the  disolved  nickel  precipitates  as  nickel  metal.  The 
precipitation  of  nickel  creates  a  sink  for  the  nickel  ions, 
which  facilitates  further  NiO  dissolution.  Thus,  the 
dissolution  of  NiO  can  be  a  major  life-limiting  factor  for 
the  MCFC.  The  present  industrial  efforts  attempt  to 
prolong  NiO  life  by  employing  low  partial  pressure  of  CO2 
and  high-Li2C03  electrolyte.  Additives  (e.g.,  MgO)  to  the 
carbonate  electrolyte  to  lower  NiO  dissolution  are  also 
attempted.  Although  the  lifetime  of  NiO  can  be  extended 
under  those  conditions,  it  is  not  clear  whether  lowering 
the  CO2  partial  pressure  or  changing  other  operating 
conditions  will  make  the  NiO  cathode  endure  40,000 
operating  hours  required  for  commercial  applications. 
Alternative  cathode  materials  are  being  developed.  Two 
materials,  LiFe02  and  L^MnOj,  have  been  identified  as 
potential  MCFC  cathode  materials.  These  materials  were 
extensively  tested  and  meet  the  requirements  of  stability, 
low  solubility,  and  nonmigration.  Adequate  conductivities 
under  realistic  cell  conditions  can  be  achieved  by  doping 
the  materials  (4,5).  The  emphasis  has  now  shifted  toward 
fabricating  appropriate  cathode  microstructures  with  doped 
materials,  then  testing  them  in  cells  (5). 

*  Cor  rosion :  Another  important  question  being 
addressed  Tn  MCFC  technology  concerns  resistance  to 
corrosion  of  current  collectors/bipolar  plates.  In  MCFCs, 
the  bipolar  plates  are  coated  with  a  thin  film  of  molten 
carbonate  electrolyte  and  in  contact  with  the  cathode  and 
the  oxidant  gas  on  one  side  and  with  the  anode  and  fuel  gas 
on  the  other  side.  They  are  therefore  susceptible  to  hot 
corrosion  attack  (6,7).  Corrosion  of  bipolar  plates  causes 
decline  in  cell  performance  and  can  lead  to  cell  failure  by 
allowing  direct  reaction  of  oxidant  and  fuel.  The  316 
stainless  steel  (SS)  specified  in  the  past  for  bipolar 
plates  in  laboratory  cells  was  found  not  to  be  suitable  for 
full-scale  cells  which  have  a  life  goal  of  40,000  h. 
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Severe  attack  of  the  bipolar  plate  made  of  316  SS, 
especially  the  anode  side  of  the  plate,  was  frequently 
observed  in  cells  operated  for  a  few  hundred  to  a  few 
thousand  hours  (8).  Nickel  cladding  for  protecting  the 
anode  side  of  316  SS  was  attempted  (8-10).  However,  there 
was  still  significant  amount  of  corrosion  on  the  cathode 
side  of  the  plate.  Corrosion  and  cell  tests  with  310  SS 
and  INCO  825  indicated  that  plates  made  of  these  materials 
had  better  corrosion  resistance  in  the  fuel  cell 
environment.  These  materials,  however,  did  not  show 
sufficient  corrosion  resistance  to  meet  endurance  goals  on 
the  anode  side.  In  current  MCFC  stack  tests,  plates  made 
of  310  SS  or  INCO  825  are  nickel-coated  on  the  anode  side 
for  corrosion  protection.  At  present,  a  satisfactory 
bipolar  plate  material  has  not  yet  been  identified. 

*  Electrode  deformation:  In  MCFCs,  the  anode  and 
cathode  structures  should  be  dimensionally  stable.  Any 
compaction  of  the  structures  not  only  decreases  the  active 
surface  area  but  also  may  cause  loss  of  contact  and  high 
resistances  between  components.  Compaction  may  also  cause 
significant  tolerance  requirements  for  stack  hardware 
design.  The  porous  nickel  anode  sinters  at  the  cell 
operating  temperature  and  compresses  somewhat  as  a  result 
of  the  cell  holding  force.  Nickel  anodes  have  been 
stabilized  by  dispersing  small  amounts  of  certain  oxides 
such  as  chromia  and  alumina  in  nickel.  Stack  tests 
verified  that  the  anode  compaction  goal  has  been  attained 
with  this  stabilization  method  (1).  Metal-coated  ceramic 
anodes  with  good  compaction  resistance  are  also  being 
developed  (1).  Recently,  with  the  advent  of  dimensionally 
stable  anodes,  the  compaction  of  the  NiO  cathode  has  been 
observed.  For  example,  the  average  compaction  of  NiO 
cathodes  in  one  stack  test  was  found  to  be  approximately 
0.09  mm  (3.5  mils)  per  cell  (cell  thickness  of  about  2.54 
mm  or  100  mils)  (11).  This  degree  of  compaction  is 
believed  to  be  unacceptable  for  stacks  used  in  commercial 
applications.  Recent  efforts  to  improve  cathode  compaction 
resistance  emphasize  heat  treating  and  oxidation  (1). 

*  Electrolyte  loss:  Long-term  stability  of  cell  and 
stack  performance  is,  to  a  large  extent,  dependent  on 
limiting  electrolyte  loss  by  corrosion  and  volatilization. 
Corrosion  loss  is  largely  limited  to  the  first  2,000  h  of 
operation.  Loss  by  volatilization  is  a  slow  but  continuing 
process.  These  two  losses  are  considered  to  be  manageable 
(excess  electrolyte  is  stored  or  added),  at  least  up  to 
10,000  h.  Another  problem  is  electrolyte  leakage  through 
the  wet  seal.  This  leakage  occurs  because  the  ambient 
oxygen  which  surrounds  the  cell  is  reduced  to  form 
carbonate  ions  on  the  outer  surface  of  the  cell  (Fig.  3) 


(12).  More  carbonate  ions  are  produced  on  the  anode  than 
on  the  cathode  because  the  anode  is  at  a  lower  potential. 
Some  of  the  carbonate  ions  migrate  and  react  at  the  anode. 
The  remainder  of  the  charge  necessary  for  neutrality  is 
transferred  by  the  migration  of  alkali  ions  to  the  outer 
surface  of  the  cell.  The  leaked  electrolyte  then  migrates 
along  the  manifold  gaskets  to  the  top  of  the  stack. 
Several  engineering  approaches  to  minimize  electrolyte 
migration  have  been  developed,  and  encouraging  results  have 
been  obtained  in  subscale  stack  tessts  that  operated  over 
5,000  h. 

*  Sulfur  contamination:  It  is  generally  acknowledged 
that  even  ppm  levels  of  sulfur  may  cause  an  unacceptable 
loss  of  cell  voltage.  Performance  loss  of  a  MCFC  due  to 
the  presence  of  sulfur  in  the  fuel  and  oxidant  gases  occurs 
primarily  at  the  anode.  The  sensitivity  of  the  nickel 
anode  to  hydrogen  sulfide  has  been  demonstrated  in  many 
studies  and  cell  tests  (13).  The  presence  of  sulfur 
dioxide  in  the  oxidant  (due  to  recycling  of  burned  fuel  to 
the  cathode  or  in  air)  does  not  affect  cathode  polarization 
but  affects  anode  performance,  because  sulfur  dioxide  in 
the  oxidant  will  react  to  produce  sulfate  in  the 
electrolyte  and  then  be  transported  to  the  anode.  In  a 
cell,  a  concentration  gradient  of  sulfate  ions  between 
cathode  and  anode  is  established,  as  hydrogen  in  the  anode 
reduces  sulfate  to  hydrogen  sulfide.  While  there  is  a 
general  agreement  on  the  negative  impact  of  hydrogen 
sulfide  on  fuel  cell  performance,  the  exact  mechanism 
responsible  for  the  performance  loss  is  not  clearly 
defined.  Several  possible  mechanisms  exist  which  may 
account  for  the  decrease  in  cell  performance:  (a)  Hydrogen 
sulfide  can  poison  the  hydrogen  oxidation  reaction  by 
adsorbing  on  anode  active  sites  and  thereby  blocking  the 
desired  molecules  from  adsorbing.  (b)  Adsorbed  hydrogen 
sulfide  can  poison  the  water  shift  reaction,  causing  a 
hydrogen  deficiency  in  the  fuel  cell,  which  in  turn  causes 
a  drop  in  cell  voltage  (14).  (c)  Recently,  it  has  been 
suggested  that  poisoning  of  the  Ni  anode  is  the  result  of 
electrochemical  formation  of  a  layer  of  nickel  sulfide  on 
the  anode.  The  layer  forms  by  reaction  between  the  Ni 
electrode  and  dissolved  sulfide  ions  in  the  electrolyte 
(15).  Sulfur  tolerant  anode  materials  are  being 
investigated . 

*  Internal  reforming:  It  has  been  demonstrated  that 
internal  reforming  in  MCFCs  is  technically  feasible  (16). 
Internal  reforming  MCFCs  can  operate  up  to  5,000  h  without 
performance  decay.  The  performance  of  internal  reforming 
cells  is  identical  to  that  obtained  with  cells  using 
simulated  reformed  fuels.  However,  the  nickel  reforming 
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catalyst  used  for  internal  reforming  in  MCFCs  can  be 
affected  Ly  one  or  another  form  of  deactivation.  To  date, 
MgO-supported  catalysts  have  demonstrated  the  best 
stability  in  the  fuel  cell  (17).  However,  the  catalyst 
slowly  decays  at  longer  times.  The  cause  for  the  decay  is 
physical  blockage  of  catalyst  active  sites  by  the  carbonate 
electrolyte.  The  electrolyte  on  the  catalyst  was  found  to 
be  rich  in  potassium,  indicating  electrolyte  transfer  to 
the  catalyst  by  vapor  phase  as  well  as  creepage.  Recent 
work  on  internal  reforming  emphasizes  on  developing  a  way 
to  control  electrolyte  vapor  transport  and  electrolyte 
creepage  from  the  anode  to  the  catalyst.  It  appears  that 
finding  a  means  to  prevent  both  electrolyte  vapor  transport 
and  electrolyte  creepage  for  long  periods  of  time  is  a 
major  technical  challenge. 


IMPORTANCE  OF  ELECTROLYTE  BASICITY  IN 
MOLTEN  CARBONATE  FUEL  CELLS 

As  discussed  earlier,  two  of  the  critical  issues  in 
the  development  of  MCFCs  are  cathode  dissolution  and 
bipolar  plate  corrosion.  In  cathode  dissolution,  the  most 
important  factor  which  determines  the  rate  of  NiO 
dissolution  and  transport  (and,  thus,  the  cathode  lifetime) 
is  the  magnitude  of  the  NiO  solubility  under  fuel  cell 
operating  conditions.  Therefore,  knowledge  of  NiO 

solubility  under  various  conditions  is  essential  for 
evaluating  NiO  cathode  endurance.  In  bipolar  plate 

corrosion,  accelerated  corrosion  of  stainless  steels  in  the 
anode  gas  atmosphere  is  due  to  oxide  scale  fluxing.  The 
protective  qualities  of  the  scale  is  destroyed  by  the 
dissolution  of  the  oxide  in  the  carbonate  electrolyte  and 
precipitation  of  the  oxide  elsewhere  as  a  non-protective 
porous  mass.  Thus,  understanding  the  solubility  of  oxides 
in  molten  carbonates  is  important.  In  this  respect,  the 
electrolyte  basicity  plays  an  important  role. 

The  solubility  of  an  oxide  depends  on  the  basicity 
of  the  molten  salt,  and,  in  some  cases,  on  oxygen  partial 
pressure  as  well.  The  theory  of  the  acid/base  behavior  of 
oxyanion  salts  is  analogous  to  the  Bronsted  theory  for 
aqueous  solutions.  In  molten  oxyanion  salts,  the  oxide 
activity  defines  the  basicity  of  the  system.  Thus,  for  a 
solvent  such  as  L^COj-F^COj  under  a  partial  pressure  of 
C02  ,  the  basicity  of  the  molten  salt  is  given  by  the 
equilibrium 


C032-  =  o2‘  +  C02  [4] 

The  basicity  of  the  melt  may  be  altered  by  varying 
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the  partial  pressure  of  CO2  and  by  varying  the  mole 
fraction  of  the  components. 

The  dissolution  of  oxides  in  molten  carbonates  can  be 
classified  as  basic  and  acidic.  In  basic  dissolution,  the 
solubility  increases  as  the  basicity  increases.  In  acidic 
dissolution,  the  solubility  decreases  as  the  basicity 
increases.  Plotting  the  logarithm  of  the  concentration  of 
a  dissolved  oxide  in  the  molten  salt  (assuming  an  ideally 
dilute  behavior  corresponding  to  a  concentration- 
independent  activity  coefficient)  versus  the  basicity  of 
the  melt  yields  two  straight  lines,  one  corresponding  to 
the  acidic  dissolution  and  one  corresponding  to  the  basic 
dissolution,  and  a  minimum  solubility  is  observed  (Fig.  4). 

In  the  case  of  NiO  cathodes,  for  example,  NiO  is  an 
amphoteric  oxide  and  can  dissolve  as  a  base  or  as  an  acid 
(18,19).  In  a  relatively  acidic  melt,  NiO  dissolves  by 
dissociation 


NiO  =  Ni2  +  +  02~  [5] 

In  a  basic  melt,  NiO  reacts  with  oxide  to  produce  one 
of  two  forms  of  nickelate  ions 

NiO  +  02_  =  Ni022~  [6] 

or  2NiO  +  02~  +  l/202  =  2NiOz~  [7] 

In  the  MCFC  cathode  environment,  the  melt  is 
relatively  acidic  and  the  acidic  dissolution  is  important. 

For  the  acidic  dissolution  of  N:0  in  molten 
carbonates,  the  solubility  of  the  oxide  decreases  with 
increasing  basicity  of  the  melt.  Therefore,  making  the 
MCFC  cathode  environment  more  basic  is  a  means  to  lower  the 
solubility  of  NiO  and  prolong  the  life  of  the  NiO  cathode. 
Basicity  of  the  molten  carbonate  can  be  altered  by  ( i )  a 
change  in  the  gas  phase  in  equilibrium  with  the  melt  (e.g., 
lowering  the  partial  pressure  of  C02  increases  basicity), 
and  (ii)  a  change  in  the  carbonate  melt  composition  (e.g., 
increasing  the  lithium  content  in  Li2C03-K2C03  or  adding 
basic  oxides  increases  basicity). 

The  basicity  of  the  molten  carbonate  can  also  play 
an  important  role  in  determining  the  properties  of 
materials  synthesized  in  the  molten  salt  via  its  influence 
on  the  material  stoichiometry.  An  example  is  the 
alternative  cathode  material  LiFeOz  .  The  electronic 

resistivity  of  LiFe02  synthesized  in  carbonates  was  found 
to  be  dependent  on  the  partial  pressure  of  C02  above  the 
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carbonate  melt  (thus  the  basicity  of  the  melt).  Synthesis 
with  partial  pressure  of  CO2  <  0.005  atm  produced  LiFeC>2 
with  lower  resistivity  and  the  resistivity  decreased  with 
decreasing  CO2  partial  pressure  (20).  This  observation  can 
be  explained  as  follows.  The  partial  pressure  of  CO2  will 
affect  the  basicity  of  the  carbonate  melt  (the  activity  of 
lithium  oxide)  and,  in  that  way,  can  affect  the  cation 
ratio  (Li/Fe)  of  the  lithium  iron  oxide  synthesized  in  the 
melt.  Low  partial  pressure  of  CO2  enhances  the  activity  of 
lithium  oxide,  which  tends  to  result  in  a  more  lithium-rich 
compound,  i.e.,  a  LiFe02  compound  with  a  Li/Fe  ratio  >  1. 
Therefore,  LiFeC>2  synthesized  in  more  basic  electrolyte  is 
nonstoichiomet r ic .  As  a  result,  a  lower  resistivity  is 
observed . 
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Fig.  1.  Essential  Components  of  a  Molten  Carbonate  Fuel  Cell  Stack 


Fig.  2.  Subscale  Stack  Performance  (2) 
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THE  CORROSIVENESS  AT  HIGH  TEMPERATURE  OF  MOLTEN 
NITRATES  AND  NITRATE-NITRITE  MIXTURES. 
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ABSTRACT 

Research  objectives  which  lit  into  the  prospect  of  promoting  the 
applications  of  molten  nitrates  are  to  reduce  their  thermic 
unstableness  and  define  conditions  which  favor  the  passivation  of 
metallic  materials  at  their  contact.  Quantitative  considerations 
about  the  decomposition  reactions  of  the  nitrate  melts  lead  to 
establish  that  two  essential  conditions  must  be  fulfilled  in  order  to 
obtain  an  optimal  stability  allowing  the  utilization  of  these  melts  at 
temperature  up  to  about  500-550‘C  :  i)  The  addition  of  a  certain 
percentage  of  nitrite  ;  ii)  The  control  of  the  melt  acidity  (pO2  )  by 
means  of  a  proper  pO2'  buffer  system  (0H7H20).  Concerning  the 
corrosion  of  metallic  materials,  the  acidity  has  also  to  be 
controlled,  generally,  in  order  to  achieve  the  formation  of  oxidized 
layers  (due  to  the  strong  oxidizing  power  of  the  nitrate  anion) 
showing  the  best  passivating  properties.  In  the  case  of  iron  (and 
steel)  considered  in  this  study,  the  formation  of  ferrate  NaFe02, 

which  occurs  in  an  intermediate  pO2'  range  corresponding  again  to 
the  0H7H20  buffer  system,  leads  to  a  maximal  passivation 
effect. 


1.  INTRODUCTION 

It  is  likely  that  no  other  melt  has  been  concerned  by  so  many  fundamental  works 
as  the  alkaline  nitrates,  in  spite  of  their  small  number  of  applications.  The  latter  may  be 
explained  on  one  hand  by  the  thermic  unstableness  of  these  melts  and  on  the  other  hand  by 
their  corrosive  power  towards  metals  and  alloys,  related  to  the  strong  oxidizing 
character  of  the  N03"  ion.  Therefore,  reducing  the  thermic  unstableness  and  defining 

conditions  which  favor  the  passivation  of  metallic  materials  are  research  objectives 
which  fit  into  the  prospect  of  promoting  the  applications  of  melted  nitrates. 
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In  our  laboratory,  we  were  led  to  work  towards  these  objectives  some  years 
ago,  within  the  framework  of  a  research  to  adjust  the  use  of  the  so-called  "HITEC" 
mixture  (KN03  53%,  NaNOg  40%,  NaN02  7%  w/w)  as  a  heat  transfer  liquid  in  the 

experimental  solar  power  station  “Themis"  built  by  Electricity  de  France.  As  a  matter  of 
fact,  the  normal  working  of  this  power  station  supposed  the  possibility  that  the 
temperature  of  the  melt  rises  to  over  500'C,  which  required  an  optimisation  of  the 
stability  conditions  of  the  melted  mixture.  The  corrosion  effects  on  the  iron  alloy 
containers  and  tubing  in  contact  with  the  500  tons  of  molten  salts  at  temperatures 
varying  between  about  250  and  500‘C  was  at  the  same  time  an  important  matter  of 
concern  which  justified  a  thorough  study. 

The  work  realized  to  reach  these  objectives  consisted  in  making  a  serie  of 
experimental  determinations  by  electrochemical  methods  whose  results,  in  combination 
with  thermodynamical  data,  allowed  to  predict  the  reactions  which  may  occur,  using  an 
analytical  reasoning. 

I  shall  here  describe  the  principal  results  we  obtained  --  without  insisting  on 
technical  aspects  of  the  study  which  have  already  been  described  elsewhere  [8,21] 
mainly  with  the  purpose  of  pointing  out  the  successive  steps  of  the  reasoning. 

At  this  point,  some  general  characteristics  of  molten  nitrates  must  be  redefined 
in  order  to  make  the  whole  description  clear. 

2.  REACTIONS  OF  DECOMPOSITION 

Because  the  anion  N03‘  can  be  considered  theoretically  as  an  oxobase  (donor  of 

O2),  the  first  explanations  of  the  behavior  of  the  molten  alkaline  nitrates  postulated  the 
intervention  of  the  following  autodissociation  system  I1 1  : 

N03‘ ^  N02+ +  O2'  (1) 

considering  the  nitronium  cation  N02+  as  the  strongest  oxoacid  existing  in  solution  in 
these  media.  But  two  facts  came  to  invalide  this  assumption  : 

(i)  The  cation  NO^  (and  nitrogen  hemipentoxide  N205,  originated  by  N02+  +  N03‘)  is 
unstable  and  undergoes  a  decomposition  if  set  in  the  conditions  leading  to  its  formation 
(acidificating  the  melt).  As  this  decomposition  produces  nitrogen  oxide  and  oxygen,  it 
corresponds  to  a  redox  reaction  which  follows  the  dissociation  of  N03‘. 

(ii)  The  anion  O2'  cannot  stay  in  a  free  state  at  an  appreciable  concentration  (in 
NaN03-KN03)  because  of  the  oxidizing  power  of  the  N03'  ion  :  peroxide  ions  022‘  and 

superoxide  ions  02'  (already  observed  in  NaOH-KOH  I2],  are  formed  as  welf  as  nitrite 
ions  N02'  (as  the  product  of  the  reduction  of  N03')  131. 

Hence,  in  order  to  specify  the  "oxoacidobasic"  characteristics  and  especially  the 
size  of  the  acidobasicity  range  actually  accessible  in  molten  nitrates,  it  is  convenient  to 
start  examinating  these  chemical  unstablenesses,  related  to  the  redox  properties  of  the 
nitrate  ion. 

Independently  of  the  above-mentioned  decompositions,  which  correspond  to 
acidity  or  basicity  effects,  the  decomposition  of  the  nitrate  ion  according  to  the  following 
reaction  (independant  of  the  acidity)  also  occurs  : 


no3'  ^  no2‘  +  1/2  o2(g) 


(2) 


This  redox  reaction  corresponds  to  both  systems  that  fix  the  limits  of  the  electrochemical 
stability  of  the  solvent. 

As  a  matter  of  fact  the  two  limits  are  caused  by  oxidation  and  reduction  of  the 
N03‘  ion.  The  reduction  leads  to  the  formation  of  nitrite  N02\  with  the  liberation  of  an 
oxide  ion  O2'.  The  oxidation  leads  to  the  formation  of  oxygen  (as  the  nitrogen  of  N03‘  is 
already  in  its  maximal  oxidation  state),  the  initial  step  being  the  liberation  of  the  cation 
N02+  that  decomposes  into  N02  and  oxygen.  So,  the  whole  electrochemical  reaction  is  : 

2N03  -  2e"  -  02(g)  +  2N02(g)  (3) 

But  the  formation  of  N02  doesn't  take  place  any  longer  if  the  melt  is  kept  at  a  sufficient 
basicity  level  (by  the  presence  of  an  oxobase)  ;  a  simple  release  of  oxygen  is  then 
observable,  corresponding  to  the  system  : 

O(-ll)  •  2e-  -  02{g)  (4) 

In  a  strongly  basic  melt,  the  free  O2' ion  becomes  oxidizable  to  peroxide  022' or 
superoxide  02\  before  02  is  formed  (in  NaN03,  KN03  and  their  mixtures). 

Thermochemical  calculations,  completed  by  experimental  results,  allow  to 
establish  the  equilibrium  potentlal-acldlty  diagram  E-pO2"  that  corresponds 
to  the  stability  area  (from  the  thermodynamical  point  of  view)  limited  by  these 
different  reactions.  As  an  example,  figure  1  presents  this  diagram,  in  the  case  of 
equimolar  NaN03-KN03  at  230‘C  and  NaN03  at  470‘C. 

With  respect  to  the  straight  line  giving  the  variation  of  'he  equilibrium  potential 
of  the  oxygen  electrode  (system  0(-ll)/02  (g)>,  it  is  possible  to  place  the  line  that 

represents  the  variation  of  the  equilibrium  potential  of  the  system  N037N02‘,  which 
has  the  same  slope  2.3RT/2F,  by  calculating  the  e.m.f.  that  corresponds  to  the  reaction  : 

MN02(l)  +  1/2  02(g)  -MN03(l)  :  AE*  =  AG72F  (5) 

As  it  has  been  shown  that  the  nitrate-nitrite  mixtures  behave  ideally  1®1,  the  equilibrium 
potential  difference  between  the  systems  0(-ll)/02  (1  atm)  and  N037N02'  (dissolved  in 
N03')  is  then  obtained  from  the  simple  relation  ; 

AE  =  AE*  +  2.3RT/2F  log  N(NOz') 

«  AE*  +  2.3RT/2F  (log  m(N02')  -  1 .026)  (6) 

(N  :  molar  fraction  ;  m  :  molality).  Thus  one  predicts  that  the  thermodynamical 
stability  range  only  corresponds  to  a  very  small  potential  Interval  (only 
120  mV  at  470'C  with  m(N02  )  =  1  mol.kg-1)  and  that  the  molten  nitrate  cannot  be 
free  from  nitrite  :  according  to  the  calculation,  the  equilibrium  concentration  under 
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P(02)  =  0.2  atm  must  be  about  6.1  O'2  mol.kg'1  at  470‘C  (a  value  the  experience 
appreciably  confirms). 

A  similar  calculation  leads  to  the  variation  of  the  equilibrium  potential 
corresponding  to  the  system  N03'/N02(g)  [i.e.  N03'  +  e'  ^  N02(g)  +  O2',  (7))  as  well  as 
to  the  system  N03'/N0(g)  [i.e.  N03'  +  3e"  ^  NO(g)  +  2  O2',  (8)],  for  it  is  known  that 
N02  is  unstable  (which  is  confirmed  by  the  respective  positions,  in  the  E-pO2'  diagram, 
of  the  achieved  straight  lines  :  the  reduction  of  N03'  into  NO  appears  to  be 
thermodynamically  easier  that  the  one  into  N02). 

Then,  to  complete  the  stability  diagram,  it  is  possible  to  process  experimental 
data  from  electrochemical  studies  : 

(a)  The  unstableness  of  the  free  O2'  ion  is  demonstrated  by  the  voltammogram  (2)  of 
figure  2  A,  given  by  a  diluted  solution  of  Na20  (in  NaN03-KN03  at  230'C  l3l)  :  in  fact  the 
solution  contains  a  mixture  of  peroxide  022'  (oxidizable  into  02‘  and  further  into  02)  and 
superoxide  02'  (reducible  into  022'  and  oxidizable  into  02)  that  comes  from  the 
reactions  : 

O2  +  N03'  ^  022'  +  N02‘  (9) 

O2'  +  3N03‘  v>  202‘  +  3N02‘  (1 0) 

The  voltammogram  also  shows  the  presence  of  N02'  through  the  appearence  of 
an  anodic  wave  that  corresponds  to  the  oxidation  N02'  -  e'  -*  N02  [notice  that,  in  the 
absence  of  a  donor  of  O2',  the  oxidation  of  the  nitrite  can  only  occur  by  this  reaction.  But 
due  to  the  presence  of  an  oxobase  this  oxidation  may  produce  again  N03‘  ions  :  see  for 
example  voltammogram  (5)  of  figure  2  B,  that  corresponds  to  the  oxidization  reaction  in 
presence  of  the  oxobase  OH' : 

N02'  +  20H'  -  2e'  N03'  +  H20  (11) 

This  reaction  occurs  at  a  lower  potential  than  the  reaction  N02'  -  e'  N 02, 

voltammogram  (4)[. 

Owing  to  the  determination  (from  voltammetric  measurements)  cf  values  of 
standard  potentials  and  equilibrium  constants  for  the  disproportionation  reactions  of 
superoxide  and  peroxide  ions  into  oxide  and  oxygen,  the  E  pO2'  diagram  can  be  completed 
for  basic  media  as  shown  in  figure  1 . 

(b)  Further,  to  complete  it  on  the  acidic  side,  it  is  sufficient  to  obtain  the  coordinates  of  a 
point  like  P  that  corresponds  to  the  chemical  equilibrium  : 

2N03  ^  1/2  02(g,  1  atm)  +  2N02(g,  1  atm)  +  O2'  (12) 

Such  a  point  is  located  on  the  straight  line  that  gives  the  variation  of  the 
equilibrium  potential  of  the  system  0(-ll)/02  (g,  1  atm)  and  consequently  it  is  only 
necessary  to  measure  its  potential  (potential  of  a  platinum  electrode  in  molten  nitrate 
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under  bubbling  of  a  gaseous  mixture  N02  +  02).  as  it  has  been  done  at  about  23Q'C  t6) 
(see  figure  1  A),  it  is  also  possible  to  use  the  point  P'  (see  figure  1  B)  that  corresponds  to 
the  chemical  equilibrium  : 

N03‘  +  2NO(g,  1  atm)  +  O2'  ^  3N02  ( 1 3) 

and  whose  pO2'  value  has  been  experimentally  measured  with  a  stabilized  zirconia 
membrane  indicator  electrode  I8)  (*). 

Electrochemical  decomposition 

From  the  point  of  view  of  electrochemical  decomposition,  some  important 
observations  have  to  be  made. 

1)  The  oxidation  of  O(-ll)  into  oxygen  and  that  of  N02‘  into  N03'  depend,  as  far  as  the 
potentials  at  which  they  occur  are  concerned,  on  the  presence  of  an  oxobase  and  on  its 
strength  (02~  donor  power).  On  the  opposite,  the  reduction  of  N03"  into  N02'  depends  on 

the  presence  of  an  oxoacid  (acceptor  of  O2')  and  on  its  strength.  As  a  matter  of  fact,  such 
an  oxoacid  as  H20  fixes  the  O2'  ion  liberated  by  the  reduction  of  N03'  and  this  reduction 

turns  easier :  thus  on  the  voltammogram  (curve  (6),  figure  2  B),  a  cathodic  wave  whose 
current  is  limited  by  the  diffusion  of  H20  (**)  appears  before  the  reduction  of  the  pure 

nitrate.  The  same  thing  happens  in  presence  of  the  oxoacid  C02,  and  the  difference  in 
half-wave  potentials  E1/2,  with  respect  to  the  diffusion  wave  of  H20,  corresponds  to  a 
greater  oxoacidic  power  for  C02  than  for  water  (curve  (7),  figure  2  B). 

Other  oxoacids  act  in  the  same  way  :  they  are  metallic  cations.  With  the 
exception  of  Ag+  which  is  cathodically  reduced  into  metal  I1 1  \  most  of  the  metallic  ions 
lead  to  a  cathodic  reduction  wave  which  has  been  shown  (for  example  for  Ca2+  and  Ba2+ 
l12l,  as  well  as  Cd2+,  ln8+,  Pb2+,  T!+,  Zn2+  l18))  not  to  correspond  to  the  formation  of 
a  metal  but  to  the  reduction  of  N03"  into  N02'  in  the  presence  of  the  oxoacid  (acceptor  of 

O2’)  M2+  : 


N03'  +  M2+  +  2e‘  -»  NOz'  +  MOi 


(15) 


(*)  At  230-250'C  the  decomposition  of  N02  into  NO  +  1/2  02  is  slow  enough  for 
equilibrium  (12)  to  be  realized.  This  no  longer  occurs  at  470’C,  in  that  case  the  possible 
equilibrium  is  :  2N03V  3/2  02(g)  +  2NO(g)  +  O2",  (14). 

The  use  of  the  stabilized  zirconia  membrane  pO2'- indicator  electrode  (ZME)  in 
molten  nitrate  has  been  described  in  previous  papers  l9‘. 


(**)  Though  the  limiting  current  corresponds  to  the  diffusion  of  water,  here  this  one 
plays  the  role  of  an  oxoacid  and  not  that  of  a  reducible  substance,  because  no  production  of 
hydrogen  is  observed  f18I. 
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This  interpretation  is  consistent  in  so  far  as  only  cations  of  high  oxidizing  power 
(Ag+,  Hg2+  ...)  can  lead  to  metal  formation,  for  the  reduction  of  a  metallic  ion  can  only  be 
observed  if  it  is  easier  than  that  of  the  anion  N03". 

2)  In  a  mixture  of  pure  molten  nitrates,  the  potential  range  between  the  two  limits  due  to 
reduction  and  oxidation  of  N03‘  (non-electroactivity  range  of  the  pure  solvent)  has  an 

extent  of  over  2.5  Volts  at  230'C,  which  the  E-pO2'  diagram  can  explain.  As  the 
oxidation  produces  oxygen  and  NO2,  it  takes  place  in  medium  conditions,  near  the 
electrode,  that  correspond  to  point  P.  On  the  contrary,  the  reduction  produces  oxygen  and 
NO2,  it  takes  place  in  medium  conditions,  near  the  electrode,  that  correspond  to  point  P. 

On  the  contrary,  the  reduction  produces  nitrite  and  02‘  ions  (and  022'  or  02‘)  and  thus 
occurs  in  the  conditions  of  the  strongest  basic  medium  next  to  the  cathode.  According  to 
the  E-pO2'  diagram,  this  leads  to  a  difference  of  over  2  V  between  the  anodic  and  cathodic 
potentials  (plus  the  overpotentials  related  to  the  kinetics  of  both  electrochemical 
processes). 

On  the  other  hand,  if  in  the  molten  nitrate  there  is  a  pO2"  buffer  system  that 
forces  anode  and  cathode  to  work  in  the  same  medium  conditions,  the  non-electroactivity 
range  of  the  N03‘  ions  reduces  to  the  potential  difference  between  the  two  (parallel)  lines 

limiting  the  stability  diagram  (lines  which  correspond  to  the  formation  of  oxygen  and 
nitrite),  that  is  (including  overpotentials)  less  than  1  Volt.  This  change  appears  on  figure  2 
C  where  curve  (8)  corresponds  to  the  presence  of  the  buffer  system  H20/0H'  (in  this 

case,  the  formation  of  N02  at  the  anode  and  that  of  022~  or  02‘  at  the  cathode  are 
suppressed). 

3.  CONDITIONS  FOR  OPTIMAL  STABILITY 

Starting  from  the  foregoing  thermodynamic  considerations,  it  is  now  possible  to 
discuss  the  optimal  stability  conditions  of  molten  nitrates. 

The  previously  established  E-pO2-  diagrams  point  out  that  the  pO2'  scale  in 
molten  nitrates  is  limited  at  both  ends  by  the  intervention  of  the  described  decomposition 
reactions.  Quantitative  data  concerning  these  reactions  allow  to  define  these  limits 
precisely.  Thus,  in  the  case  of  the  equimolar  mixture  NaN03-KN03  at  230'C  in  equilibrium 

with  air  (P(C>2)  =  0.2  atm),  if  one  wishes  to  limit  the  formation,  on  one  side,  of  02"  at  a 
maximal  molality  of  10'2  mol.kg'1  and,  on  the  other  side,  of  N02  at  a  maximal  pressure 
of  10'2  atm,  it  is  foreseen  that  pO2'  must  remain  in  the  range  : 

6.6  <  pO2'  <  34 

(the  maximal  value  is  even  lowered  to  27  if  the  formation  of  NO  instead  of  NO2  is 

contemplated,  with  the  same  partial  pressure  limit  of  10‘2  atm).  At  470'C,  the  data 
connected  with  the  diagram  in  figure  2  3  point  out  that  the  limits  are  only  about  2.5  and 
12. 

In  fact,  adding  a  strong  oxoacid  which  has  a  tendency  to  rise  the  pO2-  over  the 


maximal  value  defined  in  this  way  produces  decomposition  of  the  nitrate  into  N02  or  NO. 
This  happens  for  example  with  dichromate  (at  470'C)  f9l : 

Cr2°72’  +  2N°3’  2Cr042'  +  3/2  02(g)  +  2NO(g)  (16) 


Therefore,  two  actions  favor  the  stability  of  molten  nitrate  : 

1*)  The  addition  of  a  certain  proportion  of  nitrite,  which  by  shift  of  equilibrium 
(2)  lowers  the  equilibrium  oxygen  pressure  and  thus  slows  down  the  progressive  thermic 
decomposition  by  oxygen  release. 

From  the  values  of  equilibrium  constants  given  in  ref.  I14),  in  the  case  of  the 
melt  NaN03  +  NaN02  1  mol. kg'1  (nitrite  proportion  very  close  to  that  of  the  HITEC 

mixture)  the  equilibrium  oxygen  pressure  remains  under  10'2  atm  until  a  temperature  of 
about  500'C  is  reached  (with  the  equimolar  mixture  NaN03-NaN02,  this  temperature 
would  rise  up  to  630‘C). 

Through  lowering  of  the  redox  potential  of  the  melt,  the  presence  of  nitrite  also 
reduces  the  formation  of  022'  and  02'  and  permits  to  reach  the  most  oxobasic  media 
(lowest  values  of  pO2').  Per  contra,  the  upper  limit  of  pO2'  is  lowered  by  the 
intervention,  at  high  pO2',  of  the  disproportionation  of  N02  according  to  the  reaction  : 

3N02‘  ^  N03'  +  2NO(g)  +  O2'  (1 7) 


In  the  case  of  the  melt  NaN03  +  NaN02  1  mol.kg"1 ,  figure  3  A  (curve  1 )  shows 

how  this  upper  limit  varies  with  the  temperature  (according  to  ref.  I14))  so  that  the 
partial  pressure  of  NO  should  remain  under  1 0'2  aim. 


2‘)  By  means  of  a  proper  pO2*  buffer  system,  pO2'  is  kept  in  the  stability  range 
previously  defined.  As  it  is  practically  very  difficult  to  avoid  the  presence  of  moisture, 
the  oxoacid/oxobase  system  which  one  can  most  naturally  think  about  is  the  system 
H20/0H".  The  measured  values  1141  of  the  constant  (Kj)  of  the  equilibrium  20H> 
H20(g)  +  O2'  show  that  this  system  is  quite  convenient  for  the  required  buffer  eflect  : 
according  to  the  values  of  P(H2OJ  and  m(OH'),  the  value  of  pO2'  fixed  by  the  buffer 
varies  within  2  units  around  pK^,  which  varies  according  to  the  temperature  from  4.4  at 
310'C  to  2.3  at  500’C.  Curves  3,  3',  3"  in  figure  3  A  show  that  the  addition  of  1% 
(w/w)  soda  to  the  melt  NaN03  +  NaN02  1  mol.kg'1  is  convenient  to  avoid  an  appreciable 
decomposition  of  the  melt  up  to  T  =  500’C,  taking  in  account  a  partial  pressure  of  steam 
above  10'2  atm. 

In  the  absence  of  OH',  the  single  oxoacid  H20  imposes  high  pO2'  values  that 
produce,  when  temperature  rises,  the  decomposition  of  N02'  with  release  of  nitrogen 
oxide  vapors,  as  indicated  by  curve  4  of  figure  3  A. 

Concluding,  to  stabilize  nitrate  melts  in  order  to  heat  them  to 
temperatures  as  high  as  possible  (about  500-550’C),  It  Is  necessary,  on 
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one  hand  to  add  a  certain  proportion  of  nitrite  (*),  and  on  the  other  hand 
to  add  a  small  proportion  of  soda  (about  1%  w/w)  and  to  keep  a  sufficient 
percentage  of  moisture  so  as  to  realize  the  buffering  of  p02'at  a  convenient  level. 


4.  CORROSIVE  ACTION.  THE  CASE  OF  IRON 

It  has  been  shown  experimentally  that  the  strong  oxidant  nitrate  ion  attacks 
metals,  with  the  exception  of  the  noblest  among  them  (Ag,  Au,  Hg,  Pt).  Generally,  an 
insoluble  oxide  forms  in  the  neutral  melt  (the  end  of  the  attack  on  the  metal  depends  on  the 
passivating  power  of  this  oxide). 

It  is  easy  to  predict  this  property  by  means  of  the  E-pO2'  diagrams,  as  on  these 
diagrams  the  position  of  the  variations  of  the  equilibrium  potentials  Eeq  of  the  systems 

M(s)/metal  oxide  (s)  can  be  established  by  thermochemical  calculations  which  connect 
this  position  to  that  of  the  straight  line  corresponding  to  the  system  0(-ll)/02.  Thus,  for 

example,  at  230‘C,  the  system  Ni(s)/NiO(s)  gives  an  Eeq  variation  located  0.1  Volt  under 
the  straight  line  corresponding  to  the  reduction  system  of  N03'  into  N02‘  (1  mol. kg’1 ), 
which  implicates  the  oxidizability  of  nickel  by  N03'. 

This  oxidizability  of  metals  corresponds  to  the  previously  mentioned 
irreducibility  of  metallic  cations  in  nitrate  melts. 

This  does  happen  in  the  case  of  Iron  which  will  be  detailed  now. 

The  attack  of  iron  and  its  alloys  by  nitrate  melts  and  nitrate  +  nitrite  mixtures, 
with  the  formation  of  a  superficial  iron  oxide  layer,  has  already  been  observed  and 
pointed  out  several  times  I15'1  Generally  the  formation  of  Fe203  (hematit  a-Fe203) 
is  considered  ;  but  other  compounds  may  also  play  a  role,  according  to  the  acidobasicity 
level  of  the  melt,  especially  the  ferrate  Fe02"  whose  formation  has  already  been 

demonstrated  for  other  melts  (hydroxides  l1®!,  alkali  chlorides  I20l).  Hence  an 
experimental  study  proved  to  be  necessary  to  clear  up  the  nature  of  the  (stable)  oxidation 
products  of  iron  in  molten  nitrates  as  a  function  of  p02\  This  study,  quite  recently 
published  l21*.  led  to  the  following  main  results. 

It  has  been  observed  that  the  addition  of  ferric  nitrate  to  the  neutral  melt  leads 
to  the  precipitation  of  Fe203  [22,23]<  which  can  be  identified  by  X-ray  diffraction. 
Besides,  the  simultaneous  apparition  of  nitrogen  oxide  induces  to  assign  the  formation  of 
Fe203  to  the  decomposition  of  the  nitrate  caused  by  the  oxoacidic  character  of  the  Fe3+ 
ion  : 


(*)  Diagram  3  B  points  out  that  in  order  to  keep  both  partial  pressures  of  the  gaseous 
decomposition  products  02  and  NO  smaller  than  1 0'2atm  it  is  necessary  to  choose  a 
mixture  of  optimal  composition  close  to  NaN03  +  NaN02  2.5  mol.  kg'1  (about  15%  w/w) 

to  be  able  to  reach  the  maximal  temperature  of  550'C,  buffering  pO2'  at  a  lower  value 
than  1 .5.  A  mixture  containing  more  nitrite  involves  a  decomposition  of  the  latter  at 
lower  temperature. 
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(18) 


6N03'  +  2Fe3+  6N0(g)  +  9/2  02(g)  +  Fe203i 

On  the  other  hand,  the  addition  of  ferric  nitrate  to  a  melt  which  has  been  made 
basic  by  a  previous  addition  of  OH'  (and  dissociation  20H'  ->  O2'  +  H20  through  bubbling 
of  dry  nitrogen)  gives  a  reaction  between  the  O2'  and  Fe3+  ions  without  the  decomposition 
of  N03‘  (except  after  the  total  consumption  of  the  O2'  ions).  This  reaction  has  been 
studied  quantitatively  realizing  the  titration  of  O2'  through  progressive  addition  of  Fe3+ 
and  following  the  variations  of  pO2'  during  the  titration  with  a  ZME.  Typical  curves  are 
represented  in  figure  4. 

One  can  observe  on  these  curves  that  a  steep  rise  in  pO2'  occurs,  which 
corresponds  to  an  end  point  aj  *=  0.4.  The  reaction  that  corresponds  to  this  value  is  : 

502'  +  2Fe3+  Fe2054'  (or  Na4Fe205i)  (19) 

This  reaction  occurs  during  the  first  step  of  the  titration,  between  o  «  0  and  a  =  o1 . 

Notice  that,  if  the  decomposition  (18)  occurred  before  the  consumption  of  O2' 
ions  and  the  latter  combined  further  with  the  Fe203  formed,  the  end  point  would 

correspond,  for  the  same  compound  Fe2054\  to  the  value  a  =  1 ,  very  far  from  the 
observed  one. 

In  the  second  place,  pO2'  remains  invariable  from  a2  =  0.5  on.  This  invariance 
must  correspond  to  an  equilibrium  between  two  precipitated  forms  of  iron  (III)  :  a  - 
Fe203,  which  appears  (by  decomposition  of  N03‘)  at  the  end  of  the  reaction  due  to  the 
initial  free  O2',  and  a  form  o*  scarcely  soluble  ferrate  obtained  from  the  reaction  of  Fe3+ 
on  Fe2Os4'.  Identified  by  X-ray  diffraction,  this  ferrate  is  NaFe02  (allotropic  form  p, 
although  the  stable  form  at  the  temperatures  of  the  experiments  is  the  a  one  ;  but  it  has 
been  shown  previously  that  at  T  >  300‘C  the  reaction  between  Fe203  and  NaOH  gives  the  p 
form  whose  allotropic  transformation  p  ->  a  is  very  slow  l24l).  It  can  be  deduced  that, 
in  the  range  [a1  -  0.4  ;  a2  =  0.5],  the  following  reaction  must  occur : 

2Na4Fe20g.U  Fe3+  5NaFe02l  +  3Na+  (20) 

The  value  or,  «  0.5  corresponds  indeed  to  the  end  point  of  the  global  reaction  : 

202'  +  Fe3+  +  Na+  NaFe02i  (21 ) 

As  a  matter  of  fact,  the  mathematical  analysis  of  the  variation  of  pO2'  in  the 
interval  (a1  ;  a2]  induces  to  admit  that  both  the  identified  ferrates  have  non  negligible 
solubilities  whose  orders  of  magnitude,  in  the  range  of  temperature  420-520'C,  are  0.02 
mol.kg"1  for  Na4Fe20g  and  0.03  mol.kg'1  for  NaFe02  121L 

Thus  it  appears  possible  to  form  three  compounds  of  iron  (III)  by  a  contact  with 
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molten  nitrate,  each  being  stable  in  a  different  acidity  range  :  Fe203  in  an  acidic  melt, 
Na4Fe205  in  a  strongly  basic  one,  NaFe02  at  middle  basicity.  The  pO2-  values 
corresponding  to  the  successive  equilibria  between  two  solid  forms  (Fe203/NaFe02  and 
NaFe02/Na4Fe205)  which  have  been  deduced  from  this  experimental  study,  in  combination 
with  the  standard  potential  values  of  the  redox  systems  formed  by  iron  and  its  solid 
oxides,  calculated  with  respect  to  the  system  of  oxygen  by  means  of  the  values  of  the 
Gibbs  energies  of  formation  given  in  the  litterature  anow  (0  establish  the  E-pO2- 
diagram  of  iron,  shown  on  figure  5.  Through  the  superposition  of  the  variations  of  the 
potentials  imposed  by  the  systems  of  the  melt  (N037N02'  or  N037N0(g),  according  to 

the  pO2'  range),  thus  it  is  confirmed  that  the  only  stable  species  of  iron  in  contact  with 
molten  nitrates  can  be  those  of  iron(lll). 

But  from  the  point  of  view  of  the  corrosion  of  the  metal,  besides  the  existence  of 
insoluble  oxidation  products  forming  a  well-adhesive  layer  at  the  surface  of  the  metal,  the 
important  point  is  the  passivating  power  of  this  layer  which  fixes  the  velocity  of 
corrosion.  As  it  is  possible  to  postulate  that  the  part  of  the  oxidized  layer  which  is  in 
contact  with  the  melt  is  made  out  of  the  compound  in  equilibrium  with  the  latter,  whose 
nature  depends  on  the  acidity,  and  as  a  priori  the  passivating  power  of  different  insoluble 
compounds  must  be  different,  one  can  expect  that  the  velocity  of  corrosion  varies  with 
the  acidity  of  the  melt.  Hence,  for  the  applications,  it  is  convenient  to  fix  the  acidity  (by 
means  of  a  proper  pO2’  buffer  system,  as  in  the  case  of  the  stabilization  of  the  melt)  at  a 
level  that  corresponds  to  the  formation  of  the  oxidized  compound  which  has  the  greatest 
passivating  power.  The  results  of  the  experimental  works  of  EL  HOSARY  et  al  l15l  and 
SPITERI  Ho]  agree  with  this  hypothesis  :  they  show  that  the  corrosion  velocity  is  the 
lowest  in  a  moderately  basic  medium  and  that  in  these  conditions  sodium  ferrate  NaFe02 

forms  as  the  corrosion  product  of  iron.  Our  quite  recent  electrochemical  study  with 
impedance  measurements,  described  by  G.  PICARD  in  another  paper  presented  at  this 
meeting,  corroborates  this  conclusion  precising  the  attack  mechanism.  It  appeared  that  the 
layers  formed  in  the  conditions  of  acidity  corresponding  to  the  stability  area  of  NaFe02 

(that  is  pO2-  about  4.5  to  5  at  420'C)  present  the  greatest  resistance  to  charge 
transfer,  which  allows  to  assign  the  lowest  porosity  and  further  the  lowest  corrosion 
velocities  to  this  compound. 

Hence,  in  conclusion,  the  best  protection  layer  of  iron  (and  in  all  probability  of  its 
alloys)  is  obtained  fixing  the  pO2'  of  the  melt,  for  which  the  use  of  the  buffer  system 
0H'/H20  is  again  the  easiest  way.  The  positioning  of  the  stability  area  of  NaFe02(s)  on 
the  diagram  in  figure  3  A  shows  that,  in  the  case  of  the  melt  NaN03  +  NaN02  1  mol.kg-1 , 

the  choice  of  the  conditions  m(OH')  =  0.06  mol.kg-1  (that  is  0.25%  of  NaOH  w/w)  and 
P(H20)  =  0.1  atm  would  be  consistant  with  the  seek  for  both  an  optimal  stabilization 

effect  of  the  melt  and  the  best  protection  of  the  steel  elements  in  contact  with  the  melt. 


Note.  Experimentally,  it  has  been  possible  to  put  in  evidence  a  nitruration  of  the  steels 
in  contact  with  a  nitrate  melt.  As  a  matter  of  fact  the  formation  of  compounds  like  Fe4N 

may  be  originated  by  the  presence  of  nitrogen  oxide  (NO)  coming  from  the  decomposition 
of  N02"  or  from  the  reduction  of  N03"  (in  a  very  acidic  medium),  or  from  that  of  N02-. 


Vet  a  thermodynamical  diagram,  log  P(02)/tog  P(NO),  in  which  the  stability  areas  of  the 
different  iron  oxides  and  nitrides,  as  well  as  the  area  corresponding  to  the  molten 
mixtures  NaNOg-NaNOg  could  be  represented  (figure  6),  shows  that  no  nitride  may  have  a 
stable  existence  in  contact  with  these  mixtures.  Hence  it  appears  that  the  effective 
formation  of  such  a  compound  must  be  interpreted  putting  forward  the  diffusion  of 
nitrogen  oxide  into  the  lower  layers  of  the  oxidized  film,  next  to  the  metal,  where  a  tiny 
partial  pressure  of  oxygen  helds. 


5.  CONCLUSION 

To  conclude,  at  the  end  at  this  talk,  I  think  I  showed  the  importance  of  controlling 
the  acidity  (or  basicity)  level  of  a  melt  to  achieve  the  optimal  conditions  of  use  of  this 
medium  (for  the  same  reason  that  it  is  important  to  control  the  pH  when  working  on 
aqueous  solutions).  This  appears  to  be  quite  important  in  the  case  of  molten  nitrates  at 
relatively  high  temperature  because  of  the  decomposition  reactions  that  they  undergo, 
whose  effects  nevertheless  can  be  minimized  by  a  sensible  control  of  the  pO*'  with  the 
buffer  system  OH'/HgO. 
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NO,(g>  ♦  2«-  -  NCXg)  *  O’-  E  -  —  log  ^NQ) 


fB)  For  NaNO  at  «70oC,  from  results  of  ref.  (8). 


(t)  pure  solvent  ; 

{2)  addition  of  Na20  1  mmole/kg 
(3)  oxidation  of  0H~  ions  ; 

(*l)  oxidation  of  NO*  in  the  pure  solvent  ; 

(5)  oxidation  of  NO^  in  the  presence  of  OH'  ; 

(6)  reduction  of  NO^  in  the  presence  of  H^O  ; 

(7)  reduction  of  NO^  in  the  presence  of 

C02  (1  atm)  ; 

(B)  oxidation  and  reduction  in  the  presence  of 
H20/0H'  buffer. 

[from  ref.  (3)  and  (10)) 
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ABSTRACT 

The  bas Ic I ty-dependent  solubilities  of  NIO,  C r- Oj  »  Iron  oxides »  and 

SI0o  In  fused  Na^SO^  at  1200K  are  presented  and  explained  In  terms  of 

high  temperature  Pourbalx-type  diagrams.  The  activity  coefficients  of 
solute  species  In  NajSO^  melt  are  summarized.  A  comparison  of  the 

solubilities  of  CeO^  In  a  pure  Na  >S04  melt  and  In  a  0.7  I^SO^- 

0.3NaV0^  solution  Is  also  reported. 

INTRODUCTION 

Metals  and  alloys  may  be  subjected  to  accelerated  oxidation  when 
covered  with  a  thin  condensate  or  deposit  of  fused  salt  In  an 
oxidizing  gaseous  environment  this  type  of  attack  Is  called  hot 
corrosion.  Because  of  Its  high  thermodynamic  stability.  Na2$04  Is  the 

most  usual  or  dominant  salt  Involved.  As  Indicated  In  much  work, 
dissolution  of  metal  oxides  comprising  the  protective  scale  Is 
Involved  In  hot  corrosion  processes.  Therefore,  a  knowledge  of  the 
solubility  behavior  of  metal  oxides  Is  Important  In  understanding  any 
fluxing  mechanisms  of  hot  corrosion.  Likewise,  the  subject  serves  to 
characterize  better  our  thermodynamic  knowledge  for  these  systems.  In 
this  paper,  the  basicity-dependent  solubilities  of  NIO,  Cr^Oy  Iron 

oxides,  and  SIO2  In  fused  Na2S0^  at  1200  K,  as  well  as  the  solute 

activity  coefficients  are  presented  and  Interpreted  In  terms  of  high- 
temperature  Pourbalx-type  phase  stability  diagrams.  The  solubility  of 
Ce02  in  a  pure  Na2S0;)  melt  Is  compared  to  that  In  a  0.7  Na2S04" 

0.3NaVOj  solution. 

1.  Solubilities  of  Metal  Oxides  In  Pure  Fused  Na2S0jj 


Fused  Na2S04»  like  any  other  oxyanlon  fused  salt,  exhibits  an 
acid-base  chemistry  the  basicity  of  pure  fused  Na2S04  can  be  defined 
as  log  a^a  y  which  can  be  measured  by  using  a  sod  I  urn  sensor  combined 
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with  an  oxygen  probe  (1).  At  1200  K»  the  Na2S04  melt  basicity  Is 
related  to  the  voltage  between  these  two  reference  electrodes: 


E(V)  =  1.4943  +  0.1  19  log  a.,  _  (1) 

M  NajO 

The  oxygon  activity  In  the  melt  Is  determined  from  the  voltage  between 
a  platinum  working  electrode  and  the  oxygen  probe: 

E ( V  )  =  0.0403  +  0.0595  loq  P.  (2) 

°2 

As  expected  thermodynamically*  the  solubility  of  NIO  In  fused 
Na2S04  at  1  atm  O2  Is  basicity-dependent*  as  shown  In  Figure  1  (1). 

The  basic  and  acidic  solutes  were  Inferred  from  the  experimental 
slopes  to  be  NIO2  and  Nl^+,  respectively. 


As  Indicated  by  the  phase  stability  diagram  for  the  Na-Ci — S-0 
system  In  Figure  2,  the  measurement  and  explanation  of  the  solubility 
of  CrjOj  In  fused  Na2S04  offered  a  special  challenge  because  of  the 


possibility  of  forming  four  solute  species*  dissolved  Na2Cr04*  NaCr02* 

CrfSO^Ij  ^  and  CrS.  depending  upon  melt  basicity  and  P.  .  The 

2 

solubility  of  Cr20j  at  1200  K  was  measured  as  a  function  of  basicity 


5  -9 

for  two  different  oxygen  activities  (1.01x10  and  3.19x10  Pa)  the 
experimental  results  are  shown  as  solid  lines  In  Figure  3  (2).  The 
experimental  slopes  demonstrate  the  existence  of  all  four  solute 
species  In  the  Na2S04  melt.  The  dashed  lines  In  Figure  3  represent 

the  calculated  solubility  for  at  several  other  oxygen 

activities*  assuming  that  the  activity  coefficient  for  each  dilute 
solute  Is  constant. 


Figure  4  (3)  shows  the  solubilities  of  the  two  oxides  Fe20j  and 
Fe304  In  Na2S04  at  1200  K  as  four  solutes  FefSO^)^  ^*  FeSO^*  FeS.  and 
NaFe02  for  the  entire  range  of  stability  for  the  two  oxides.  The 

measured  solubilities  at  three  different  oxygen  activities  are  shown 
as  solid  lines  In  Figure  4.  This  solubility  behavior  Is  In  excellent 
agreement  with  the  theoretical  expectations  from  the  Pourba Ix-type 
diagram  for  the  Na-Fe-S-0  system  In  Figure  5.  As  Is  frequently  done 
for  aqueous  solutions*  Figure  6  divides  the  field  of  ox'de  stability 
Into  regimes  of  dominance  for  the  several  solutes  of  the  Iron  oxides. 

The  solubility  of  SI02  In  Na2S04  was  also  measured  at  9000.  and 
It  was  found  that  the  solubility  Is  not  dependent  upon  melt  basicity 
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(4).  A  stability  diagram  also  shows  that  molecular  S f 0^ »  and  not  any 

Ionic  solute#  Is  stable.  The  presence  of  a  slightly  soluble  SIO^ 

molecular  solute  Is  consistent  with  the  known  excellent  resistance  of 
SIO^  to  acidic  fluxing  In  hot  corrosion. 

A  compilation  of  measured  solubilities  In  fused  Na2S04  at  1200  K 
and  1  atm  0^  for  the  oxides  of  principal  Interest  to  high  temperature 
alloys  and  coatings  Is  presented  In  Figure  7  (5). 

2.  Solutes  and  Their  Activity  Coefficients 

From  solubility  measurements#  the  solutes  and  their  activity 
coefficients  In  fused  Na2S04  at  1200  K  are  derived#  as  summarized  In 

Table  1  (1-3#  6).  As  mentioned  earlier#  some  uncertal nty ' I n  these 
activity  coefficient  values  may  result  from  the  uncertainties  in  the 
thermodynamic  formation  energy  data  for  compounds#  and  from 
experimental  errors. 

3.  Solubility  of  CeO^  in  Fused  Na^SO^NaVOj 

Recently#  the  solubilities  of  CeO^#  HfO^  and  Y^O-j  In  fused 

Na2$04-30  mol.%  NaVOj  and#  for  comparison#  of  CeO^  In  pure  Na^SO^  were 

measured  at  900  C  (7).  Figure  8  Is  a  plot  comparing  the  solubilities 
of  CeO^  In  pure  Na2S04  and  In  0.7  Na2S04~0.3  NaVO^  at  900  C  and  1  atm 

0^.  Although  the  basic  solubilities  do  hot  differ  Importantly,  the 

magnitude  of  the  acidic  solubility  Is  Increased  greatly  over  a  wide 
regime  of  melt  basicities.  At  the  minimum  solubility  for  CeO^  In  pure 

Na2S04»  the  solubility  Is  Increased  by  three  orders  of  magnitude  In 

the  vanadate  solution.  The  dependence  of  acidic  solubility  upon 

basicity  Implies  that  the  Increase  does  not  result  because  Ce4+ 
cations  complex  Importantly  with  vanadate  anions#  but  rather  because 
the  metavanadate  anions  strongly  complex  oxide  Ions  to  form 
orthovanadate  anions.  For  this  reason,  the  Increase  In  acidic 
solubility  should  be  observed  generally  for  all  oxides  In  vanadate 
solutions.  The  effect  Is  significant  In  explaining  the  highly 
corrosive  attack  by  vanadate  solutions. 

Acknow 1 edgment  s 

This  research  was  sponsored  by  the  National  Science  Foundation# 
Metallurgy  Program  of  the  Division  of  Material  Research,  under  Grant 
75-17204  and  791190. 


709 


References 


1. 

2. 

3. 

4. 

5. 

6. 

7. 


D.K.  Gupta  and  R.A.  Rapp»  J.  Electrochem.  So c.»  122»  2194  and 
2656  (1980). 

Y.S.  Zhang,  Ibid..  122,  655  (1986). 

Y.S.  Zbang  and  R.A.  Rapp,  Ibid.,  132.  734  and  2498  (1985). 

P.Z.  Shi  and  R.A.  Rapp.  Ibid.,  122,  849  (1986). 

R.A.  Rapp.  Cnrros Ion.  42.  568  (1986). 

P.D.  Jcse.  D.K.  Gupta,  and  R.A.  Rapp,  J.  F I ectrnrhem.  Soc. .  12 2» 
735  (1985). 

Y.S.  Zhang  and  R.A.  Rapp,  Solubilities  of  CeC^,  HfO^  and  Y^Oj 
Fused  I^SO^-SO  m/0  NaVO^  and  CeC^  In  Pure  Na^SC^  at  900  C, 
accepted  for  publication  In  Corrosion  (1987). 


Trttle  It  Actlvltly  coefficients  of  Solutes  In  No2S04  «t  12C(X 

solute  NtfeCL,  NaOctL,  t*sNI(^  NdSr04  NifK^  FelSO^),  ^  FeSO^  FeS^CMO^  NIS04  OrlSO^),^  « 

activity  430  50  50  4.6  2.3  3.6»<I0'}  0.83  ISO  2.5  0.12  5.8  20 

coefficient 


Figure  1. 


Solublll+y  of  NIO  In  fused  Na?S04  at  1200K 


Log  Cone,  ppm  (mole  Ce02/mole  Soli  Melt) 


Figure  8.  Comparison  of  CeO  -.alubillty  If  pure  NojSC^  and  in 
t^SO^-JO  mol.*  NaVOj  solution  at  900  C  and 

P-  =1.01*1 O^Pa 

°2 


716 
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ABSTRACT 

The  corrosion  behavior  of  hot-pressed  Si3N4  it'  alkali 
carbonate  melts  was  investigated  under  air,  N2,  and  CO2 
environments.  The  rate  of  corrosion  could  be  shown  by 
weight  loss  per  unit  surface  area  of  Si^N^.  From  the 
experiments  at  800-1000°C,  the  apparent  activation  ener¬ 
gies  of  the  reactions  in  Li2C03»  Na2C03,  and  K2CO3  were 
163,138,  and  153  kJ/mol,  respectively.  The  rate  of  corro¬ 
sion  in  Li2C03  was  about  twenty  times  faster  than  that  in 
Na2C03  and  about  two-hundred  times  faster  than  that  in 
K2CO3 .  The  rates  of  corrosion  in  Li2CC>3-Na2C03  or  Li?C03- 
K2CO3  mixtures  were  in  the  middle  of  the  rates  in  each 
pure  carbonate.  The  rate  became  faster  with  the  increase 
in  the  mole  fraction  of  LijCC^.  From  the  above  results 
and  SEN  observations,  the  corrosion  mechanism  was  dis¬ 
cussed.  Under  CO2  environment,  the  rate  of  corrosion  was 
slower  than  that  under  atmosphere.  Thus,  it  was  suggested 
that  the  basic  oxide  concentration  in  molten  carbonate  had 
an  effect  on  the  rate  of  corrosion. 

INTRODUCTION 

Non-oxide  ceramics,  such  as  Si^Nq  and  SiC,  are  being  considered 
as  structural  materials  to  be  used  in  corrosive  environments  at  high 
temperature.  This  consideration  also  includes  the  applicability  of 
such  ceramics  to  structural  materials  in  the  molten  carbonate  fuel 
cell.  However,  relatively  little  work  has  been  done  on  the  corro¬ 
sion  of  such  ceramics  in  molten  salts.  [1-3]  Moreover,  quantitative 
analysis  of  the  reaction  rate  is  very  limited.  [4] 

Therefore,  for  the  first  step  of  the  study  on  the  reaction  of 
ceramics  with  molten  salts,  we  selected  hot-pressed  Si^N^  as  a  non¬ 
oxide  ceramics  and  the  alkali  carbonates  as  molten  salts.  We  inves¬ 
tigated  the  effects  of  parameters  such  as  temperature,  kinds  of 
alkali  carbonates,  and  environment,  on  the  corrosion  behavior  of 
this  material  in  alkali  carbonate  melts. 


EXPERIMENTAL 


Ceramic  samples  were  prepared  as  commercial  hot-pressed  Si-jjfy 
(Toshiba  Co.  Ltd.,  7%  (Y2O3-AI2O3)  .  3.25  g/cm3)  cut  into  5.2  x  4.4  x 
1.8  mm3  sizes  by  a  diamond  cutter.  The  carbonates  used  were  analyt- 
ical  grade  (Wako  Chemical  Co.). 

Figure  1  shows  a  schematic  diagram  of  the  reaction  apparatus. 
About  0.1  mole  of  specified  carbonate,  pure  or  mixed,  in  a  Pt  cruci¬ 
ble  was  heated  by  an  electric  furnace.  After  the  temperature  of  the 
carbonate  reached  a  fixed  value,  a  S^N^  sample,  which  was  weighed 
and  measured  precisely,  wa6  put  into  the  crucible.  After  heat 
treatment,  the  crucible  was  taken  out  and  quenched  in  air.  The 
sample  was  washed  in  water  and  HC1  solution,  rinsed,  dried,  weighed, 
and  measured. 

The  corrosion  experiments  in  N2  or  CO2  environments  were  the 
same  as  that  mentioned  above  only  with  250  ml/'min.  of  gas  flew  from 
the  gas  inlet. 

Scanning  Electron  Microscopy  (SEM)  was  carried  out  with  an 
Akashi  Alpha-10. 


RESULTS  AND  DISCUSSION 


(1)  Reaction  Kinetics 

As  an  example,  the  weight  loss  of  a  S^fy  specimen  in  Li2C03 
melt  is  shown  in  figure  2.  By  measuring  of  dimensional  change  of 
the  specimen,  this  reaction  was  considered  to  proceed  isotropically. 
Therefore,  the  relation  between  the  reaction  time  and  the  weight 
loss  of  the  specimen  per  unit  surface  area  was  plotted.  The  plots 
of  the  reaction  in  Li2C03  and  of  that  in  Na2C03  are  shewn  in  figures 
3  and  4,  respectively.  The  relations  were  approximately  linear. 
Consequently,  the  reaction  could  be  regarded  as  being  controlled  by 
surface  reaction.  Then,  the  factor  of  the  rate  of  corrosion,  k, 
would  be  defined  as  a  unit  of  the  speed  of  weight  loss  per  unit 
area.  The  k  value  would  be  used  in  subsequent  analyses. 

(2)  The  Effects  of  Reaction  Temperature 

As  shewn  in  figures  2-4,  the  rates  of  corrosion  varied  signifi¬ 
cantly  with  changes  in  the  temperature.  Figure  5  shows  the 
Arrhenius  plots  of  these  reaction  rates.  From  these  plots,  apparert 
activation  energies  of  the  hot-pressed  with  molten  LijCOj, 

Na2CC>3,  and  K2CO3  were  obtained  as  163,  138,  and  153  kj/racl,  respec¬ 
tively.  It  has  been  reported  that  the  value  of  the  corrosion  of 
in  K2SO4  melt  was  724  kj/mol.  Comparing  these  values,  it 
could  be  postulated  that  the  apparent  activation  energy  was  strongly 
effected  by  the  kind  of  anion  constituting  each  melt. 

(3)  The  Effects  of  the  Kinds  of  Carbonate 

Figure  5  also  shews  the  effects  of  the  kind  of  alkali  carbonate 
on  the  rate  of  corrosion.  As  shown  in  figure  5.  at  the  same  temper- 


ature,  the  rate  of  corrosion  in  L12CO3  was  about  twenty  times  faster 
than  that  in  Na2CC>3.  and  about  two-hundred  times  faster  than  that  in 
K2CO3 .  It  seemed  that  the  smaller  the  radius  of  the  alkali  ion,  the 
faster  the  rate  of  corrosion. 

When  binary  mixtures,  L^CC^-NagCOg  or  Li2C03-K2C03 ,  were  used 
as  the  melts,  the  relations  between  the  composition  of  carbonate  and 
the  rate  of  the  corrosion  are  given  in  figure  6.  The  values  of  the 
rate  of  corrosion  in  the  mixture  are  in  the  middle  of  that  in  each 
pure  carbonate.  The  logarithm  of  the  value  of  the  rate  of  corrosion 
had  a  linear  relation  with  the  mole  fraction  of  Li2CC>3  on  the 
Li2C03-Na2C03  system. 

(4)  SEM  Observations 

The  microstructuies  of  the  surface  and  the  section  of  the  Sig^ 
samples,  both  original  and  corroded,  are  shown  in  figure  7.  Because 
of  corrosion,  the  surface  of  the  sample  became  rough  with  the 
appearance  of  S^N/j  grains.  This  means  that  the  grain  boundary  of 
the  sample  was  eroded  faster  than  the  grains  in  the  sample. 

The  microstructure  of  the  section  of  the  corroded  sample 
indicates  that  the  region,  where  structural  change  by  the  corrosion 
occurred,  is  limited  only  near  the  surface. 

From  these  observations,  it  could  be  supposed  that  the  reaction 
of  the  SigNr,  samples  with  carbonate  melts  was  not  completed  on  the 
surface  of  the  samples,  but  proceeded  by  the  mechanism  that  S 13 N4 
grains  in  the  samples  were  eliminated  with  the  erosion  of  the  grain 
boundary. 

If  this  assumption  was  accepted,  the  difference  of  the  rate  of 
corrosion  of  the  sample  by  the  kinds  of  carbonates  could  be 

explained  partly  as  the  difference  of  the  diffusivities  of  alkali 
ions  into  the  grain  boundary  of  the  S13N4  sample  by  the  difference 
of  the  ion  radius.  However,  the  determination  of  the  reaction  rate 
of  pure  Si3N4  with  carbonate  melt,  the  composition  analysis  of  the 
carbonate  in  the  reacting  crucible,  and  other  factors  are  needed  in 
order  to  verify  this  assumption. 

(5)  The  Effects  of  Environment 

Some  of  the  results  of  the  experiments,  which  were  carried  out 
under  N2  or  COj  environment,  are  also  shown  in  figures  2-4.  The 
rate  of  corrosion  in  carbonate  under  Ng  environment  was  fast,  and 
that  under  CO2  environment  was  slow,  compared  with  that  under  air 
environment. 

The  following  explanation  has  been  reported  [2,4]  on  the  corro¬ 
sion  behavior  in  each  environment.  Under  an  air  environment;  Si02 
film  is  formed  on  the  surface  of  the  Si3N4,  and  the  film  surpresses 
the  reaction.  But  under  an  Ng  environment,  SiOg  ^  ii®  is  not:  formed; 
therefore,  the  reaction  proceeds  rapidly. 

It  seems  that  the  results  of  the  experiments  under  a  CO2 
environment  suggests  that  the  basic  oxide  concentration  in  the 
carbonate  melt  affects  the  rate  of  corrosion  of  the  sample. 

Under  an  air  environment,  some  of  the  carbonate  would  decompose  to 


basic  oxide.  But  under  a  CO2  environment,  the  decomposition  would 
be  surpressed.  It  might  be  considered  that  the  higher  the  basic 
oxide  concentration  in  the  carbonate  melt,  the  faster  the  rate  of 
corrosion.  This  also  was  suggested  from  the  result  that  the  corro¬ 
sion  of  the  sample  occurred  faster  when  the  amount  of  carbonate 
initially  in  the  crucible  was  decreased. 

However,  more  precise  experiments  under  a  controlled  environ¬ 
ment  are  needed  to  assure  the  above  suggestion. 


SUMMARY 

The  corrosion  behavior  of  hot-pressed  Si^N^  in  alkali  carbon¬ 
ates  melts  was  investigated,  and  the  following  results  were  obtained 

a)  The  corrosion  was  apparently  controlled  by  surface  reaction. 

b)  Apparent  activation  energies  were  obtained.  These  energies  did 
net  vary  greatly  for  different  alkali  carbonates. 

c)  The  differences  in  the  rates  of  corrosion  among  the  alkali 
carbonates  were  large  and  increased  in  the  order  Li2C03  >  Na2CC>3 
>  K2CO3. 

a)  The  rate  of  corrosion  of  the  hot-pressed  Si^Nz*  in  carbonates 

under  an  M2  environment  was  fast,  while  that  under  a  CO2  environ¬ 
ment  was  slow,  compared  to  the  rate  under  an  air  environment. 
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ABSTRACT 

Heat  resistant  alloys  have  been  heated  with  the  coating  of 
molten  fluoride  mixture  at  500  -  700  C,  either  in  air  or  in 
Ar.  The  weight  change  was  monitored  with  a  thermo- 
gravimetric  balance  for  20  hrs..  The  air  oxidation  of 
Hastelloy-N,  Inconel  625  and  N-155  was  accelerated 
significantly  with  NaBF^-NaF  coating.  The  electrochemical 

polarization  revealed  that  the  corrosion  current 
corresponded  well  to  the  rate  of  accelerated  oxidation. 
With  LiF-BeF^  coating,  some  volatile  materials  are 

formed,  and  oxidation  is  accelerated. 


INTRODUCTION 

It  is  well  known  that  high  temperature  oxidation  of  heat 
resistant  alloys  are  accelerated  by  the  adhesion  of  molten  salts(1.2). 
The  accelerated  oxidation  of  nickel  base  all ys  Ky  molten  Na  .SO,  has 

been  investigated  extensively  by  many  researchers  (3-6).  Those  by 
molten  Na^COj,  NaNO^(7-9)  and  NaCl-KCl(lO)  have  also  been  reported. 

But  it  is  not  known  whether  molten  fluorides  do  induce  the  accelerated 
oxidation  of  alloys.  Molten  fluoride  mixtures,  such  as  NaBF^-NaF  and 

LiF-BeF^,  are  considered  as  candidates  for  heat  transfer  media  in 

molten  salt  reactors.  Therefore,  it  might  be  of  some  interest  to 
examine  the  hot  corrosion  of  alloys  induced  by  such  salts,  although 
the  accelerated  oxidation  can  be  avoided  in  the  practical  reactor 
design  even  if  it  happens:. 

In  the  present  work,  hot  corrosion  (including  accelerated 
oxidation)  of  several  heat  resistant  allots  have  been  investigated 
with  coating  of  the  above  fluoride  mixtures.  The  experimental 
methods  are  thermogravimetric  measurements  and  electrochemical 
polarization  measurements. 

Present  address;  *1  Suzuki  Motor  Co.  Ltd.,  Sototakatsuka,  Hamamatsu 
432-29  JAPAN,  *2  Oyama  National  College  of  Technology,  771  Nakaguki, 
Oyama  323  JAPAN. 
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EXPERIMENTALS 


(1)  Materials 

Composition  of  the  fluoride  mixtures  are  92mol%t\laBF^-8mol%NaF  and 
66mol%LiF-34mol%BeF^,  which  are  considered  as  the  heat  transfer  media 

in  the  secondary  cooling  loop  of  molten  salt  reactors. 

The  heat  resistant  alloys  are  commercial  Flastel  loy-N(M.M.  ),  home¬ 
made  Flastel  loy-N(h.m. ),  commercial  Inconel  625  and  commercial  N— 155. 
Compositions  of  the  alloys  are  shown  in  Table  1. 


Table  1.  Composition 

A1 loys 

of  the 

Cr 

al loys 

Fe 

.  (wt%) 
Elements 

Co  Mo 

Si 

Mn 

Ni 

Hastel loy-N 

(M.M. ) 

7.0 

4.0 

—  16.7 

0.3 

0.5 

Bal. 

Flastel  loy-N 

(h.m.  ) 

7.1 

— 

—  16.7 

0.3 

0.4 

Ba  1 . 

Inconel  625 

23.9 

3.5 

—  11.7 

0.5 

— 

Bal. 

N-155 

22.0 

30.5 

19.3  3.7 

1.9 

— 

19.8 

(2)  Thermogravimetric  measurements 

Test  pieces  of  SmmxlOmmxlmm  were  cut  out  from  the  alloy  stock  and 
polished  with  dry  abrasive  paper  of  #1000.  The  fluoride  mixtures 
were  pre-fused  in  Ar.  The  test  piece  coated  with  the  salt  mixture 
was  set  in  a  thermogravimetric  balance,  and  heated  up  to  the  desired 
temperature  either  in  air  or  in  Ar.  The  weight  of  the  test  piece  was 
continuously  measured  for  20  hrs.  After  the  measurement,  the  scale 
formed  on  the  test  piece  was  examined  by  EPMA. 

(3)  Electrochemical  polarization  measurements 

Figure  1  shows  the  schematic  diagram  of  experimental  apparatus. 
The  working  electrode  was  cut  out  from  the  alloy  stock  and  graphite 
rod  in  the  form  of  plate  or  cylinder.  The  reference  electrode  was  a 
'ind  of  Ag-AgF  electrode.  The  counter  electrode  was  made  of  platinum 
net.  NaBF^  and  NaF  powders  of  reagent  grade  were  mixed  in  the 

composition  shown  above  and  kept  in  a  dry  box  for  24  hrs.  before  the 
experiment.  ^  The  salt  mixture  was  put  in  a  high  alumina  crucible, 
fused  at  400  C  and  dehydrated  with  Ar  for  10  min.;  then,  the  salt 
mixture  was  heated  up  to  the  experimental  temperature.  Three 

electrodes  were  dipped  into  the  fused  salt.  The  rest  potential  of 
the  working  electrode  was  measured  with  a  potentiometer.  After 

getting  a  stable  rest  potential,  the  working  elecrode  was  polarized  in 
noble  direction  down  to  -1.6  V  in  order  to  reduce  oxide  film  on  the 
electrode  surface.  Then,  polarization  in  less-noble  direction  was 

carried  out.  The  potential  was  raised  25  mV  every  30  sec  up  to 
+2.0  V. 
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RESULTS  AND  DISCUSSION 


(1)  Thermogravimetric  measurements  with  NaBF^-NaF  mixture 

( 1 )— 1  Decomposition  of  the  salt  mixture 

Figure  2  shows  the  heating  pattern  and  the  weight  change  with 
time.  The  test  piece  of  Flastel  loy-N(M.M.  )  was  heated  with  43.3 
2 

mg/cm  of  the  salt  mixture  in  A r.  Temperature  was  raised  linearly  up 
to  700  °C  for  30  min.,  and  kept  constant.  When  the  temperature 
reached  400  °C,  the  weight  began  to  decrease  remarkably.  The 

weight  change  per  unit  surface  area,  AW/S,  reached  down  to  - 

2  2 

17.1  mg/cm  for  40  min.  and  -20.2  mg/cm  for  1200  min..  No  change  was 
observed  in  the  appearence  of  test  piece.  Thus,  the  weight  loss  was 
attributed  to  the  decomposition  of  NaBF^  to  NaF  and  BF^  which  had  very 

high  vapor  pressure.  Assuming  that  the  whole  weight  loss  should 
correspond  to  the  amount  of  evaporated  BF^,  the  composition  of  salt 

mixture  changed  to  31molZNaBF^-69mol%NaF,  after  1200  min.  Refering 

co  the  phase  diagram,  this  composition  was  in  solid-liquid  two  phase 
region  at  700 °  C.  The  fractions  of  weight  loss  during  heating  in  Ar 
were  nearly  the  same  in  all  experiments.  Thus,  the  salt  mixture  was 
considered  to  be  i r.  solid-liquid  co-existing  state  in  all  oxidation 
experiments.  The  rate  of  weight  loss  after  40  min.  was  not  high 
and  could  be  negligible,  compared  with  the  oxidation  rate  as  will  be 
shown  later.  Thus,  the  air  was  introduced  at  40  min.  from  the 
beginning  of  heating  to  start  the  oxidation  experiment. 

(l)-2  Oxidation  curve  of  alloys 

Figure  3  shows  the  oxidation  curves  of  Hastel loy-N(M.M. )  with  and 
without  salt  coating  at  700  °C.  The  air  oxidation  was  very  much 
accelerated  with  the  salt  coating.  The  accelerated  oxidation  curve 
could  be  divided  into  three  time  periods,  namely,  an  incubation 
period  in  which  the  oxidation  was  very  slow,  a  catastrophic  period 
and  a  moderate  acceleration  period.  With  larger  amount  of  salt 
coating,  the  catastrophic  oxidation  started  later  and  lasted 
longer.  But,  the  rate  of  oxidation  in  the  moderate  acceleration 

period  was  the  same,  regardless  of  the  amount  of  salt  coating. 

Figure  4  shows  the  oxidation  curves  of  Hastel ly-N( h. m. )  at 
different  temperatures.  The  oxidation  was  very  much  accelerated  by 
the  salt  coating  at  700  °C.  The  shape  of  oxidation  curve  with  the 
salt  coating  was  similar  to  that  shown  in  Figure  3.  At  600  °C,  the 
weight  decreased  initially  due  to  the  salt  decomposition  and  increased 
after  800  min..  At  500  ”C,  the  weight  decreased  monotonously.  From 
microscopic  observation  of  the  test  piece  heated  at  500  °C,  no  oxide 
film  could  be  found  on  the  surface.  From  these,  it  can  be  said  that 
the  oxidation  was  significantly  accelerated  at  700  °  C,  but  no 
accelerated  oxidation  was  observed  at  a  temperature  lower  than  600  °C. 
Figure  5  shows  the  effect  of  amount  of  salt  coating  on  the  oxidation 
curve.  The  amount  of  ovidation  was  larger  with  larger  amount  of  salt 
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coating,  although  crossover  was  observed  with  the  curve  of  6.8  and  4.8 

2 

mg/cm  from  500  to  800  min.. 

Figure  6  shows  the  curves  of  Inconel  625  with  and  without  salt 
coating  at  different  temperatures.  The  accelerated  oxidation  did 
occur  from  600  °C.  The  amount  of  accelerated  oxidation  was  larger  at 
higher  temperature.  The  shape  of  accelerated  oxidation  was  different 
from  those  of  Hastelloy-N.  Neither  incubation  nor  catastrophic 
periods  were  observed,  although  the  initial  oxidation  rate  was  very 
fast. 


Figure  7  shows  the  oxidation  curves  of  W— 155  at  different 
temperatures.  The  accelerated  oxidation  was  observed  at  every 
temperature.  The  shape  of  the  oxidation  curves  are  nearly  the  same 
as  those  of  Inconel  625. 

( 1 )  —3  Comparison  of  the  accelerated  oxidation  behavior  among  alloys 

The  amount  of  oxidation  is  sometimes  expressed  as  the  following 
function  of  time, 

AW/S  =  a  tb  . u  ) 

where,  t  is  time,  a  and  b  are  parameters.  In  figure  8,  the 
accelerated  oxidation  curves  of  alloys  at  700  °C  are  replotted  in  log- 
log  form.  From  the  slope  of  lines,  the  value  of  b  was  estimated. 
The  oxidation  is  called  "catastrophic",  when  b  is  larger  than  unity, 
and  "moderate  acceleration",  when  b  is  less  than  unity.  In  the  cases 
of  Hastel loy-N(M.M.)  and  Hastel loy-N(h.m.) ,  b  was  about  2  in  an  early 
period  of  time  and  0.36-0.4  in  later  period.  But  the  absolute  amount 
of  oxidation  was  larger  in  Hastel loy-N(M.M. )  than  in  Hastellcy- 
N(h.m.).  In  the  case  of  Inconel  625,  b  was  slightly  less  than  unity 
initially  and  almost  constant  at  0.1  in  later  periods.  This  small 
value  of  b=0 . 1  shows  very  slow  oxidation  and  is  favorable  from  the  view 
point  of  hot  corrosion  resistance.  In  the  case  of  N— 1 55,  b  chanqed 
from  0.7  in  early  periods  to  0.4  in  later  periods.  It  can  be  said  from 
the  figure  that  Hastel loy-N(h.m. )  should  be  the  best  with  respect  to 
hot  corrosion  resistance,  among  the  present  alloys. 

The  effect  of  chromium  content  on  the  accelerated  oxidation  can 
be  seen  by  comparing  the  result  of  Hastel loy-M(M.M. )  to  that  of 
Inconel  625,  because  compositions  of  the  two  alloys  are  similar  to  each 
other,  but  chromium  content  in  Inconel  625  is  more  than  3  times  larger 
than  in  Hastel loy-N(M.M.) .  Significant  differences  can  be  seen  in 
later  periods.  The  value  of  b  in  Inconel  625  was  very  small.  Thus, 
chromium  can  be  considered  effective  for  hot  corrosion  resistance. 
The  effect  of  iron  content  can  be  seen  by  comparing  the  result  of 
Hastel loy-N(M.M. )  to  that  of  Hastel loy-N(h.m. }.  The  amount  of 
oxidation  of  Hastel loy-N(M.M. )  was  always  larger  than  that  of 
Hastel loy-N(h.m. ).  Since  Hasfe 1 loy-N( h.m. )  contains  no  iron,  iron 
can  be  considered  detrimental  with  respect  to  hot  corrosion 
resistance.  This  detrimental  effect  can  also  be  seen  by  comparing 
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the  result  of  Inconel  625  to  that  of  N— 1 55.  Protective  effect  of 
chromium  seen  in  Inconel  625  was  cancelled  by  the  detrimental  effect 
of  iron  in  N-155,  because  the  latter  contained  a  much  Larger  amount 

of  iron. 

(1) -4  Morphology  of  the  scale  formed  by  accelerated  oxidation 

Photo.  1  shows  microscopic  picture  of  the  scale  formed  on 
Hastel loy-N(M.M. )  at  700  °C  and  distribution  map  of  elements.  The 
scale  was  of  500  um  thickness  and  had  a  kind  of  mu  1 1 1 -1 amel 1 ar 
structure.  Map  of  elements  shows  that  the  scale  was  mainly  composed 
of  nickel  oxide  and  contained  some  amounts  of  iron,  chromium  and 
molybdenum  oxides  uniformly.  Sodium  was  concentrated  in  the  outer 
layer.  Thus,  the  outer  layer  might  be  a  mixture  of  oxides  and  salt. 
No  concentration  gradient  of  elements  was  observed  in  the  alloy  phase, 
showing  no  preferential  oxidation.  The  feature  of  scale  formed  by  the 
accelerated  oxidation  with  NaBF^-NaF  mixture  was  similar  to  that 

shown  in  Photo.  1,  in  all  alloys. 

(2)  Thermogravimetnc  measurements  with  LiF-BeF^  mixture 

(2)-l  Vaporisation  of  salt  and  hot  corrosion  of  Hastel  loy-?l(h.m. ) 

Triangles  in  Figure  9  show  the  weight  loss  of  salt  coated  on 
platinum  net.  The  vaporisation  of  the  salt  occured  during  heating  at 
700  =C,  but  its  rate  was  not  so  fast.  Circles  in  the  figure  show  the 
weight  change  of  Hastel loy-N(h.m.  )  with  the  salt  coating  heated  in 
air.  The  weight  decreased  till  1000  min.  and  increased  later. 
Squares  in  the  figure  show  the  weight  change  when  the  alloy  with  the 
salt  coating  was  heated  in  Ar.  The  weight  decreased  faster  in  the 
initial  period  of  time  than  heated  in  air  and  continued  to  decrease 
throughout  the  heating  tire.  Therefore,  it  can  be  said'  that  two 

kinds  of  reaction  occured  simultaneously,  when  the  alloy  was  coated 
with  L i F -Be F ^  and  heated  in  air.  The  one  night  be  the  formation  of 

some  volatile  material,  and  the  other  is  the  accelerated  oxidation. 

(2)-2  Weight  change  of  Inconel  625  and  M- 155 

Figure  10  shows  the  weight  change  of  Inconel  625  with  the  salt 
coating  heated  in  air  at  different  temperature.  The  weight  decreased 
initially  and  increased  later.  The  formation  of  some  volatile 
material  and  the  accelerated  oxidation  occured  simultaneously,  also  in 
the  case  of  Inconel  625.  The  rate  of  both  reactions  were  faster  at 
higher  temperature. 

Figure  11  shows  the  weight  change  of  0-155  with  the  salt  coating 
heated  in  air  at  different  temperature.  -No  weight  loss  was  observed, 
contrary  to  the  other  two  alloys.  The  oxidation  was  significantly 
accelerated.  The  amount  of  oxidation  was  larger  at  higher 

temperature.  The  oxidation  curve  was  not  smooth  but  stepwise. 


{ 2 ) — 4  Morphology  of  the  scale 

Photo.  2  shows  the  microscopic  picture  of  the  scale  formed  on 
Inconel  625  with  the  salt  coating  heated  in  air  at  700  C.  The 
feature  of  scale  was  globular  and  very  different  from  that  in  the  case 
of  NaBF^-NaF  mixture.  Although  the  weight  change  was  negative  at  the 

end  of  experiment,  oxide  phase  was  found  in  the  scale.  Oxide  phase 
was  composed  of  chromium  and  iron  oxides  with  a  small  amount  of 
molybdenum  oxide.  Nickel  oxide  was  scarcely  found  in  the  oxide 
phase.  Porous  layer  was  found  in  the  alloy  phase,  just  beneath  the 
salt-alloy  interface.  The  layer  was  deficient  in  chromium  and  iron 
contents.  Outside  of  the  layer,  some  precipitates  were  found,  which 
might  be  the  intermetal  1 ic  compound  of  nickel  and  molybdenum.  The 
morphology  of  the  scale  on  the  other  alloys  was  nearly  the  same  as 
that  shown  in  Photo.  2. 


(3)  Electrochemical  polarization  measurement  in  NaBF.-NaF 

Figure  12  shows  polarization  cui.es  of  Inconel  625  and  0-155  in 

Ar  at  600  'C.  I  and  1  are  anodic  and  cathodic  currents, 
a  c 

respectively.  The  polarization  curves  were  similar  to  each  other, 
although  the  anodic  current  of  inconel  625  was  smaller  in  higher 
potential  region  than  that  of  fJ-155.  The  anodic  current  had  an 
active  dissolution  peak  at  -0.3V  and  showed  the  passivation  around  0 
V.  Figure  13  shows  polarization  curves  of  a  graphite  electrode  at  600 
“C,  in  air  and  in  Ar.  The  cathodic  current  in  air  was  larger  than 
that  in  Ar.  Thus,  the  cathodic  current  can  be  attributed  to  the 
reduction  of  dissolved  oxygen  in  ,.ie  salt,  in  the  potential  range  from 
-0.4  to  0.3  V. 

02  +  4  e  =  2  0?~  . (2) 

This  potential  range  coincided  with  that  where  active  dissolution  of 
alloy  electrode  occured,  as  shown  in  Figure  12. 

M  =  Mn+  +  n  e  . (3) 

Thus,  it  can  be  postulated  that  the  accelerated  oxidation  night  occur 
electrochemical ly  by  the  coupling  of  reactions  (2)  and  (3). 

Figure  14  shows  polarization  curves  of  the  allovs  at  700°c.  The 
anodic  current  of  Flastel  loy-N(h.m. )  was  much  smaller  than  those  of 
others,  in  the  above  potential  range.  This  accorded  with  the  result 
of  thermogravimetric  measurement,  where  the  amount  of  accelerated 
oxidation  of  Flastel  loy-N(h.m.  )  was  the  smallest  among  the  alloys. 
Figure  15  shows  the  polarization  curve  of  Hastel loy-N(h.m. )  in  air  at 

o  2 

700  C.  The  corrosion  current  was  estimated  as  1.32  mA/cm  by 
extrapolating  cathodic  and  anodic  currents  with  the  aid  of  the  Tafel 
relation.  The  rate  of  accelerated  oxidation  of  Haste  1 1 oy-N( h. m.  )was 
estimated  from  the  slope  of  the  curve  shown  in  Figure  4,  between  400 

2 

and  1000  min.  and  converted  to  the  current  density  of  1.7  mA/cm  , 
assuming  di-valent  electrode  reaction  and  tne  mean  atomic  weight  of 
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60. 

other. 


These  two  current  densities  seem  to  be  in  accordance  with  each 


CONCLUSION 

The  air  oxidation  of  the  present  alloys  is  significantly 
accelerated  by  the  adhesion  of  NaBF^-NaF.  The  amount  of  accelerated 

oxidation  is  larger  with  larger  amount  of  the  salt  mixture  and  at 
higher  temperature.  The  result  of  electrochemical  oolarization 
measurement  indicates  that  the  electrochemical  mechanism,  in  which  the 
anodic  dissolution  of  metallic  element  is  coupled  with  the  cathodic 
reduction  of  oxygen,  plays  an  important  role.  When  the  nickel  based 
alloys  are  heated  with  LiF-BeF^  coating  in  air,  the  weight  decreased 

initially  and  increased  later.  Thus,  it  is  seen  that  some  kind  of 
volatile  material  might  be  formed  simultaneously  with  the  accelerated 
ox idation. 
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Figure  1.  Schematic  diagram  of  t. 
apparatus  in  electrochemical  pol<r 
ization  experiment. 
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Figure  2.  Weight  change  of 
Hastel  loy-fJ(M.M.  )  heated  in  Ar. 
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Figure  3.  Oxidation  curves  of 
Hastel toy-N(M.M. )  with  and  without 
MaBF^-NaF  coating  at  FOO^C. 


Figure  4.  Oxidation  curves  of 
Hastel loy-N(h.n. )  with  and  without 
UaBF.-NaF  coating  at  different 
temperature. 
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Figure  6.  Oxidation  curves  of 
Inconel  625  with  and  without 
NaBF^-NaF  coating  at  different 
temperature. 


400  600  800 

Iime(m!n) 


Figure  7.  Oxidation  curves  of 
N-155  with  NaBF^-Naf  coating  at 
at  different  temperature. 
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Figure  9.  Weight  change  of  Pt  net 
and  Haste! loy-N(h%m. )  with  LiF-Ber^ 
coating  in  fcr  and  air. 
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Figure  10.  Weight  change  of 
Inconel  625  heated  in  air  with 
LiF-BeFj  coating. 
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Figure  12.  Polarization  curve  of  Figure  14.  Polarization  curve  of 
alloys  in  NaBF.-NaF  at  70C  C.  alloys  in  NaBF.-NaF  at  700°C. 
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Figure  13.  Polarization  curve  of  Figure  15.  Polarization  curve  of 
oxygen  in  NaBF4-NaF  at  600°C.  Hastel loy-N(h.m.  )  in  NaBF.-NaF 

at  700°C  in  air  flow. 


A  DESIGN  PRINCIPLE  OF  BIPOLAR  ELECTRODES 
FOR  ELECTROWI NN I NG  CELL  FROM  CHLORIDE  MELTS 
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ABSTRACT 

A  design  principle  of  Bipolar  electrodes  for  liquid  metal 
elect  rowinning  cell  was  discussed  ! heoret Lea  1 1 y.  By  taking 
into  consideration  of  volume  balance  and  homogeneous 
circulation  of  the  chloride  melt,  general  equation-,  were 
deduced  f.,r  determination  of  each  sectional  area  of  the 
bipolar  electrodes.  The  values  of  design  parameters  were 


rhneked 

•x; 

o»r  i  m* 

Mlt 

a  1 

y 

by 

opi.1  r ; 

Ling  the 

1-ib  ,nt 

:*!  V  -  S  • :  i  !  n 

Col  U  Li 

; ,  s 

t  r  u  cl 

l*.J 

w  i 

b 

the  proposed  <ies 

’*  o:i  pn 

i <:  i  p  In  i  n 

u  h  i  c  ;i  f  'j 

i  • 

sW  i 

V 

1  I  i  r 

b 

us 

*  oro 

suppose  | 

t  O  b «  k 

■i o vn  ;  the 

number 

J 

L  h  * : 

•It 

“r- 

a  j> 

jc  i 

n  r  r  * 

•action  /. 

' :  i  o  s  n 

:1  -i  t  r  ^\ 

sue i  .'iij 

l 

i  roi 

,r 

tin 

e  1 

1  ,  in 

a  V'T  ige 

Bijrti  c « 

>  ir*M  m  i 

-  h  ;  ■-  k  v 

s 

,  <  «  jv 

o 

b  :  po  \ 

i  r 

■  •1  ft 

rode  s ,  a 

d  is*  i  n ' 

•  •  h  n  r  w  e  o  n 

,•]..  *  r.ri 

■s, 

SJ)Pr 

?■ 

• .  u 

>T) 

in¬ 

i  v  i  l 

of  t  he  . 

hi nri In 

molts  and 

:i  O  C  1  >  1.:  ji ■  '• 

'  fi  V 

j  i 

U 

i'  -i 

L  urn  L: 

u n  c hi  j r 

I . i  <_*  :  ::  ‘ 

ho  mt?  1  t.  a  t 

v  ir ions  ' 

on 

it.  i 

OIW 

•  it 

(*>r 

or  it i 

>na  1  temp 

mat  up-s 

INTRODUCTION 
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sectional  areas  of  the  bipolar  electrodes  stated  above.  According  to 
these  equations,  nine  kinds  of  bipolar  electrode  cells  were  constructed 
and  the  values  of  design  parameters  were  checked  bv  the  labor  it orv-scale 
tests. 

THEORETICAL 

Prerequisites  for  homogeneous  circulation  of  melts 

At  first,  let  us  consider  a  circulating  path  of  the  chloride  melt  in  the 
bipolar  electrode  cell  under  steady  state  conditions  during 
electrowinning  of  liquid  aluminum. 

The  chloride  melt, replenished  with  aluminum  chloride  in  the  upper  pirt 
of  the  cel  l, is  flowing  down  through  the  center  hole  of  the  electrodes 
and  enter  into  each  of  the  inter -spacing  reaction  zones  wherein  aluminum 
chloride  decomposes  to  liquid  aluminum  at.  the  cathode  and  chlorine  gas 
at  the  anode  surface.  The  residual  melt  and  the  chlorine  gas  evolved 
wiLl  move  toward  the  cell  will  and  then  rise  up  as  bubbles  through  the 
periphery  clearance  between  the  electrodes  and  the  cell  wall.  Finally, 
the  chlorine  gas  as  bubbles  transfer  from  the  melt  into  gas  phase  at 
the  upper  part  of  the  cell. 

Driving  force  for  such  circulation  of  the  melt  is  owing  '.o  the  gas  lift 
effect  in  the  periphery  clearance.  According  1  v  ,  in  order  t  i  supply  a 
fresh  molt  containing  aluminum  chloride  into  each  of  the  inter¬ 
spacing  reaction  zones  between  the  electrodes  without  any  del  iv  in  all 
bipolar  electrodes,  it  is  necessary  lor  the  melt  to  move  at  i  constant 
velocity  by  means  of  a  gas  bubble  lift  force  irrespective  of  levels 
of  the  melt.  For  the  prerequisite  of  a  onstant  volume  ratio  of 
the  melt  and  the  gas  ,  bubbles  have  to  be  main  l  lined  'it  any  level 
of  the  melt  within  the  periphery  clearances.  As  shown  in  Fig. I,  this 
condition  can  be  satisfied  by  making  decreases  of  both  sectional  areas 
of  center  holes  and  periphery  c I  ear  inces  in  integer  series.  However,  it 
is  not  so  easy  to  determine  practically  these  values  because  each  of 
the  electrode  surfaces  ,  which  gives  directly  the  gas  volume  from  the 
anode,  has  to  be  determined  from  difference  between  the  sectional  area 
of  the  cell  and  the  area  summation  of  the  center  ;1(  1"  and  the  | eripher 
clearance.  The  latter  area  is  also  dependent  upon  the  gas  volume. 
Therefore,  it  seems  that  an  universal  design  principle  fir  construction 
of  the  bipolar  electrode  cell  is  essential  and  wl 1  1  ho  discussed  in  the 
next  paragraph. 

Design  rules  of  bipolar  electrodes 

The  volume  of  chlorine  gas  evolved  from  node  surface  iv  proportional  to 
the  effective  current  Ip  through  the  bipolar  electrode.  This  gas  volume 
seems  to  be  almost  independent  of  the  bipo!  ir  <■!  .■■/'.trades  bemuse  the 
effective  current  is  expressed  to  tic  tiearl  v  the  is  those  fur  ill  of 

the  electrodes.  Since  the  value  of  I  ■  •  m  u  ■•  lie  measured  directly  , 


the  value  of  an  applied  current  Ip  was  used  tentatively  instead  of  the 
Ipj  value. 

Taking  the  gas  volume  evolved  from  the  anode  surface  into  consideration, 
the  following  relationship  should  be  obtained  at  the  lowest  bipolar 
electrode. 

Sg  x  "  SE  x  lT  <1} 

In  this  equation  Sg  is  a  sectional  area  occupied  by  the  gas  bubbles  in 
the  periphery  clearance  at  the  lowest  bipolar  electrode,  i  is  a 
current  density  which  is  defined  as  the  current  through  the  bfpolar 
electrode  divided  by  the  cross  sectional  area  of  the  gas  bubbles  ,  which 
can  move  upward  smoothly  in  the  periphery  clearance.  Sp  is  an  average 
surface  area  of  the  elec t rodes  ,  and  iy  is  an  applied  current  density. 

The  value  of  Sp  in  equation  (1),  which  can  be  final  1  y  obtained  after 
decision  of  all  parameters,  might  be  assumed  to  equal  that  at  the  middle 
level  of  the  bipolar  electrodes,  namely,  the  n/2  bipolar  electrode, 
because  the  bipolar  electrodes  have  a  similar  shape  to  each  other  and 
vary  their  sizes  systematically. 

At  the  n/2  bipolar  electrode  at  the  middle  level,  a  total  sectional  area 
of  the  cell  vessel  Sy  is  given  by  the  following  relationship, 


ST  =  S£/2  t  ( n/2)-(  S°  +  S°  +  S®  ) 


where  S°  and  Sp  are  sectional  areas  for  the  center  hole  and  for  the 
melt  In  the  periphery  clearance,  respectively,  at  the  lowest  bipolar 
electrode  as  defined  for  Sg. 

In  order  to  represent  these  areas  of  S|?  and  as  a  function  of  two 
additional  parameters  were  newly  introduced,  namely,  ° 

vg  -  SP  /  Sg 


Vm  -  Sc  I  Sp  (4) 

In  these  equations  V  denotes  the  sectional  area  ratio  of  the  melt  to 
the  gas  bubbles  in  tne  periphery  clearance  anr  V  the  sectional  area 
ratio  of  the  melt  in  the  center  hole  to  that  of  the  periphery  clearance. 
Substitution  of  the  equations  (3)  and  (4)  into  the  equation  (2)  yields  a 
following  relationship. 


sT  =  s£/2  +  (n/2)*(  v  *vm  +  v  +  i  ysi 


=  Sg/2  +  (n/2 )•(  Vg-Vm  +  Vg  +  1  ) 

x  Sg/2-(  iT  /  ig  )  (5) 

Providing  the  values  of  n,  i^,  i  ,  V  and  V^,  the  values  of  S?'7-  can  be 
determined  for  the  cell  with  a  total6  sectional  area  of  Sj  as  follows  : 

Sg/2  -  ST  /  l  1  +  (n/2 )*(  Vg-Vm  f  Vg  +  l  ) 

*(  It  /  1„  )]  (r>) 

1  a 

Sg  =  SE/2'(  if/  ig  )  (7) 

By  using  the  ei|uation  (7),  sectional  areas  for  the  electrode  surface  S™, 
the  center  hole  Sj?,and  the  periphery  clearance  (  Sg  +  S™  )  ran  be 
determined  by  following  equations  and  schematically  shown  in  Fig. 2. 


SE  ’  ST  -  «•<  YVm  + 

Vg  +  1 

(8) 

sc  =  »*YVVS2 

W 

(  Sp"  ♦  S™  )  =  .•(  Vg  ♦ 

1  ),Sg° 

(10) 

In  these  equations  m  is  positive  integer  and  denotes  the  number  of 
bipolar  electrodes  stacked,  that  is,  the  electrode  with  number  m=l  Is 
the  lowest  bipolar  e 1 ec t rode, which  was  opposite  to  an  end-cathode 

connected  with  a  DC  supplier,  whereas  the  electrode  of  number  m=n  is  an 
end  anode.  The  aluminum  particles  are  falling  down  through  the  center 
hole  and  nitrogen  gas  as  a  carrier  gas  is  introduced  along  with 
aluminum  chloride  vapor.  In  the  above  consideration  these  effects  of 
volume  of  aluminum  particles  and  carrier  gas  were  ignored  for  the 
volume  and  lifting  velocity  of  the  melt.  Furthermore,  It  was  assumed 
that  the  gas  bubbles  were  completely  separated  from  the  melt  into  the 
gas  phase  at  the  top  level  of  the  melt. 


EXPERIMENTAL 


Electrode 

The  bipolar  electrodes  ,  both  end-annde  .and  end-cathode  and  terminals 
were  cut  from  a  graphite  rod  to  posses  fifty  four  kinds  of  the  electrode 
shapes  specified  according  to  the  design  rule  stated  in  the  proceeding 
section.  The  parameters  adopted  for  the  cel l  design  are  as  follows: 
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Total  sectional  area  of  the  quartz  cell  vessel,  S^,  is  100.3  cm  ;  number 
of  the  inter-spacing  reaction  zones,  n,  is  five.  The  applied  current  ^ 
density,  iT>  is  1.0  A /cin  and  the  value  of  i  is  supposed  to  be  76  A/cm  . 

Two  pa r.imo r. er s  of  V  |  ;lnd  V  ire  variable,  i.e.,  I,  1,  and  5  for  V,  as 
well  as  0.4,  0.7,  ana  1.0  for  V  ,  respectively. 

As  one  of  the  examples, the  horizontal  sections  of  each  electrode 
designed  for  V  =3  and  V’m=0.4  are  given  in  Fig.  3.  In  the  cell  design, 
a  diameter  for  the  smallest  center  hole  was  determined  to  allow  aluminum 
particles  drop  from  the  cathode  surface  without  any  interference,  and 
also  the  largest  bipolar  electrode  limited  its  diameter  within  the 
allowable  difference  between  thermal  expansion  coefficients  of  the  cell 
wall  and  electrode  materials.  The  electrolytic  cell  consisted  of  a 
transparent  quartz  tube,  113  mm  in  diameter  and  1  m  in  length,  and  is 
heated  externally  by  a  nichrome  wire  wound  furnace  with  an  electric 
power  capacity  of  4  kw.  To  look  at  the  inside  of  the  cell  during 
electrolysis  a  long  rectangular  window  was  scooped  through  the  furnace 
bricks.  Further,  this  furnace  is  possible  to  be  divided  into  four 
blocks  and  surrounded  by  the  separable  walls  for  heat-insulation.  The 
structure  of  the  cell  ind  the  furnace  arc-  represented  schematically  in 
the  center  region  of  Fig.  4. 

Melt  preparation  and  supply  of  aluminum  chloride 

The  mixture  of  magnesium  chloride  and  sodium  chloride  in  the  proportion 
of  25  and  75  in o  1 7  was  used  as  a  solvent  melt  with  a  melting  point  of 
66 0°C.  The  solvent  melt  vis  firstly  melted  in  additional  furnace  and 
then  poured  into  the  cell  at  about  700°C.  The  bottom  of  the  quartz  tube 
cell  was  self-sealed  by  freezing  of  the  melt  and  sodium  chloride 
granules  at  relatively  low  temperatures.  The  total  amount  of  the 
solvent  melt  is  about  4.5  kg  in  each  run. 

From  the  results  obtained  in  our  previous  studies,  it  was  found  that  the 
concentration  of  aluminum  chloride  in  the  melt  has  to  be  kept  as  low  is 
possible  during  electrolysis  at  750°C  in  order  to  establish  high  current 
efficiency  and  low  bath  voltage.  In  this  investigation  an  automatic 
supplier  of  aluminum  chloride  was  developed  after  several  modifications. 
This  new  equipment  consisted  of  a  large  glass  container  for  aluminum 
chloride  and  a  vibrational  rotary  feeder.  As  shown  in  Fig.  4,  solid 
particles  of  aluminum  chloride  first  fall  down  th-ough  the  rotary  feeder 
into  the  melt  composed  of  sodium  chloride  and  aluminum  chloride 
mixtures.  The  aluminum  chloride  is  able  to  vaporize  and  is  purified 
at  the  same  time  since  the  impurities  accompanied  by  the  aluminum 
chloride  remain  in  the  melt  in  the  boiler.  Aluminum  chloride  vapor  can 
be  transferred  by  nitrogen  gas  stream  into  the  melt  in  the  electrolytic 
cell.  The  amount  of  aluminum  chloride  supplied  in  this  way  can  be 
precisely  determined  by  monitoring  the  weight  of  whole  system  of 
aluminum  chloride  supplier;  also  the  supply  rates  were  controlled  easily 
by  using  the  rotary  feeder  with  various  revolution  rates. 


Exhaust  of  chlorine  gas 

As  shown  in  Fig.  4,  chlorine  gas  evolved  during  electrolysis  will  move 
toward  the  10%  sodium  hydroxide  solution  through  the  exhaust  systems  by 
pumping  with  an  aspirator  under  nitrogen  gas  stream  used  for  supply  of 
aluminum  chloride  into  the  cell.  Aluminum  chloride  from  the  ce!  1  and 
other  volatile  matters  were  collected  in  gliss  condenser  and  plastic 
separator  connected  to  the  exhaust  system. 

Electrolytic  procedures 

Prior  to  the  start  of  electrolytic  experiment,  pre-electrolysis  was 
carried  out  for  30  minutes  in  order  to  remove*  the  impurities  routainel 
in  the  solvent  melt.  Then  aluminum  chloride  was  supplied  into  the 
melt,  according  to  the  procedures  described.  After  the  concentration  of 
aluminum  chloride  in  the  melt  reached  nil  appropriate  level, 
aluminum  electrolysis  was  commenced  and  continued  for  five  hoars. 

During  the  electrolytic  experiment,  bath  voltage  -is  recorded  every  3 
minutes, and  the  relationships  between  ipplied  currents  and  huh  volt  ages 
were  measured  every  30  minutes.  At  the  sane  time,  i  anal  1  mount  of 
the  chloride  melt  was  sampled  for  chemical  inalysis  of  iluminum  chloride, 
and  also  the  sodium  hydroxide  solution  was  exchanged  to  determine  the 
total  amounts  of  chlorine  gas  evolved  during  electrolysis  in  the  30 
minute  intervals.  After  a  run,  the  melt  was  exhausted  from  the 

bottom  of  the  cell  by  melting  down  the  self-soiled  salt. 

RESULTS 

Several  examples  of  the  relationship  between  the  applied  current  ind 
bath  voltage  are  given  in  Fig.  3  for  different  design  par  meters.  From 
the  results  shown  in  the  figures,  it  was  clearly  observed  that  ■_*  c  •  *  r  y 
bipolar  electrode  Can  be  operated  in  a  so-called  multi-cell  when  Ji» 
bath  voltages  are  larger  than  about  10  V. 

In  the  intermediate  range  of  the  applied  current  Ihc  hath  voltage  is 
directly  proportional  to  the  applied  current  where.,-  -ith  increase  in 
the  applied  current  the  deviation  of  the  hath  voltage  from  the  I'T'ir 
relationships  was  demonstrated,  shifting  tow  ir,l  higher  viluos.  it  seems 
that  this  deviation  is  due  to  the  gas  bubbles  that  can  not  r  i 
smoothly  through  periphery  clearance  due  to  its  Croat  volume. 

DISCUSSION 

The  linear  relationship  between  the  applied  current:  density  and  the  hath 
voltage  could  be  determined  theoretical  lv  according  the  , ■  a  1 . : u  1  ative 
procedures  (3,4),  providing  physico-chemical  properties  of  the  chi  *r .  lo 


th 


melt.  As  shown  in  Fig. 5,  the  calculated  bath  voltages  for  various 
applied  current  densities  obey  the  linear  relationship  between  them.  The 
linear  relationships  calculated  for  nine  kinds  of  the  bipolar  electrode 
cells  were  compared  with  the  experimental  results  obtained  for  fifty 
four  cases.  From  these  comparisons  it  was  found  that  the  calculated 
re  1 ationships  were  in  fairly  good  agreement  with  the  experimental  ones 
for  the  cases  of  relatively  small  values  of  and  V^. 

Meanwhile,  with  increases  in  these  values  of  V  and  V^, the  calculated 
results  tended  to  deviate  from  the  experimentally  determined  ones  as 
demonstrated  in  Fig. 5  for  the  case  of  V,,  =  5  and  V  =0.4.  It  can  be 
considered  to  arise  from  the  heterogeneous  distribution  of  the  by-pass 
current  through  the  periphery  clearance. 

As  shown  in  Fig. 5,  in  the  large  values  of  the  applied  current  the 
deviation  of  the  hath  voltage  was  observed  from  the  linear  relationship 
between  them.  The  upper  ..urrent  density,  at  which  the  deviation  was 
initially  observed,  was  denoted  as  the  ij P  in  the  present  investigation. 

Figure  6  shows  the  dependencies  of  V  on  the  upper  current  density 
obtained  for  various  values  of  V  Trie  effective  current.  Ir,  which 
corresponds  to  the  rate  of  gas  evolution  at  the  lowest  bipolar 
electrode,  was  calcul  itod  with  the  modified  equivalent  circuit  (3)  at 
the  upper  applied  current  l'p.  The  value  of  was  firstly  divided  by 
the  area  of  the  periphery  clearance  at  the  lowest  bipolar  electrode  and 
further  divided  by  the  v^lue  of  ip.  In  <}rder  to  reexamine  the  value  of 
i  ,  which  was  75  A 'em”  at  i  -j-—  1 . 0  A/cm  ,  the  current  densities  for 
smooth  gas  lift  obtained  above,  p,  were  calculated  for  various  vnlue^ 
of  V  ft  was  found  that  the  values  of  i  ’  varied  from  50  to  60  A/cm“ 

m  S  ? 

with  increase  of  V  ,  irrespective  of  the  values  of  V  .  ’herefore,  the  value  of  60  Vcm 
should  be  used  foPthe  design  of  the  bipolar  electrode  cell. 

CONCLUSION 

In  the  present  study  the  design  principle  was  first  considered  for  the 
bipolar  electrode  cell.  In  the  experimental  study  the  bipolar  electrode 
cells  with  five  units  were  constructed  with  the  proposed  design 
principle  and  then  operated  for  electrowinning  of  liquid  aluminum  from 
the  chloride  melts  at  750  °C. 

It  was  demonstrated  for  the  moderate  values  of  V  anc  that  the 
calculated  and  observed  relationships  between  the  bath  voltage  and  the 
applied  current  density  are  fairly  in  good  agreement..  However,  with 
increases  in  both  the  values  of  V  and  V^.the  calculated  relationships 
tend  to  deviate  gradoal  iy  from  the  observed  ones.  This  means  that  the 
by-pass  rest  stance,  R<?,  in  the  equivalent  circuit  (3)  might  be  changed 
because  of  the  heterogeneous  distribution  of  by-pass  currert  in  the 
periphery  clearance  of  the  bipolar  electrode  c^ll  . 


It  Ls  worthwhile  to  note  from  the  point  of  view  for  saving  energy  that 
the  applied  current  should  exist  within  the  linear  relationships 
between  the  bath  voltage  and  the  applied  current,  and  the  cell 
design  parameters  such  as  V  ,  ,  i  and  iy  should  be  selected  as  low 
as  possible  to  avoid  decrease  in  the  cell  efficiency  of  the  bipolar 
electrode  cell  and  increase  in  the  bath  voltage. 
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ABSTRACT 

The  anodic  overvoltage  of  a  carbon  anode  in  the 
existing  aluminium  electrolysis  process  is  0.4-0.6V.  This 
paper  aims  at  reducing  the  anodic  overvoltage  for  saving 
energy  by  increasing  the  catalytic  activity  of  the  carbon 
anode  with  dopants.  The  anodic  overvoltage  of  carbon 
anodes  in  Na^ A1  F^-Alj O3  (sat)  melt  was  measured  by  using  a 
steady  state  technique.  Obvious  el  e  c  troca  ta  ly  ti  c  activi¬ 
ties  were  observed  on  the  carbon  anodes  with  Ru,  Cr,  and 
Li  dopants.  The  anodic  overvoltage  was  reduced  more  than 
0.2V  under  the  industrial  current  densities.  The 
estimated  energy  saving  will  be  6.0%  when  using  this 
technique.  A  primary  discussion  related  to  the  function 
of  dopants  in  the  carbon  anode  and  the  mechanism  of  the 
aforementioned  electrochemical  process  is  given  also. 


INTRODUCTION 

Carbon  is  almost  the  only  material  employed  for  anodes  in  the 
production  of  alxaniniua  by  electrolysis  in  a  bath  of  cryolite  aliani- 
na  melt.  The  major  cell  reaction  is 

A12«3(s)  +  3/2  c(s)  =  2  AJ  ( 1 )  +  3/2  C02(g)  (1) 

with  a  standard  reversible  potential  of  1.13V  at  1273K.  According 
to  the  results  obtained  from  laboratory  tests  and  industrial  cells, 
the  counter  electromotive  force  (cemf)  of  the  cell  is  1.6-1. 7V 
higher  than  the  standard  reversible  potential.  The  difference 
between  the  cemf  and  the  reversible  potential,  i.e.,  the  polariza¬ 
tion  potential,  equals  the  sum  of  the  cathodic  overvoltage  and  the 
anodic  overvoltage.  Many  measurements  have  shown  that  the  cathodic 
overvoltage  of  the  existing  aluminium  reduction  cell  is  very  low, 
around  40-80  mV(4),  Therefore,  the  polarization  potential  is  mostly 
attributed  to  the  anodic  overvoltage  (tje)  and  is  as  high  as  0.4- 
0.6V.  The  later  results  in  a  great  deal  of  electrical  energy  loss. 
How  to  reduce  the  anodic  overvoltage  in  the  Hall-Heroult  process  is 
very  interesting,  but  very  few  reports  on  investigations  of  this 
aspect  have  been  published.  According  to  the  el  ectroca  ta  ly  ti  c  prin- 
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ciple  in  aqueous  solution,  it  is  possible  to  reduce  the  qa  by  doping 
the  carbon  anodes  for  alianinium  electrolysis  with  electrocatalysts. 
The  effects  of  some  dopants  on  the  el  ectroca  taly  ti  c  activity  of  the 
carbon  anode  in  cryolite  alumina  melts  was  studied. 

EXPERIMENTAL 

Prep a ration  of  anodes  wit h  dopants 

Pure  spe ct rogr aphi c  graphite  rods  (#10  mm)  were  employed  as 
anodes.  Catalysts  were  (A.  R.)  CrClj,  MnClj,  CoClj,  NiClj,  R11CI3. 
^*2^03,  and  NaCl .  After  cleaning  and  drying,  the  graphite  rods  were 
treated  by  a  special  doping  method  so  that  the  catalysts  were  dis¬ 
persed  not  only  on  the  surface,  but  in  the  bulk  of  the  graphite 
electrode.  The  same  kind  of  graphite  electrodes  but  without  dopants 
were  also  used  in  measurements  for  comparison.  The  effective  area 
of  the  graphite  anode  tested  was  0.78-0.79  crn^. 

Measurement  technique 

Steady  state  polarization  curves  were  recorded  on  a  X-Y  re¬ 
corder  by  using  a  potential  step  generator  (XFD-8)  and  a  JH-2C 
potenti  osta  t.  Scan  rates  of  10-20  mV/sec  were  found  to  be  suitable 
for  increasing  as  well  as  decreasing  the  potential.  The  reference 
electrode  was  a  graphite  electrode,  which  was  protected  by  an  alumi¬ 
na  tube.  A  graphite  crucible  containing  100  g  of  cryolite  alumina 
melt  was  the  counter  electrode  (3). 

Reference  electrode 

Many  workers  (4-6)  have  reported  that  the  graphite  electrode, 
when  equipped  properly,  is  stable  and  can  be  used  as  a  reference 
electrode.  The  graphite  electrode,  which  does  not  require  flushing 
with  gas,  is  very  convenient  and  simple.  We  adopted  it  in  this 
work.  It  is  necessary  to  evaluate  the  stability  of  the  electrode. 
TVo  identical  graphite  electrodes  were  dipped  into  cryolite  melt  and 
the  deviation  of  the  potential  difference  between  them  versus  time 
was  measured.  The  results  showed  that  the  potential  deviation  is 
within  8  mV  for  a  long  time  (5  hours),  which  proved  that  this  kind 
of  reference  electrode  was  reliable. 


RESULTS  AND  DISCUSSION 

Typical  steady  anodic  polarization  curves  for  graphite  elec¬ 
trodes  with  different  dopants  are  presented  in  Fig.  1  and  Fig.  2. 

At  the  beginning  of  a  measurement  prior  to  electrolysis,  it  was 
found  that  the  open  circuit  potential  of  the  working  electrode  and 
counter  electrode  vs  the  reference,  respectively,  was  very  close. 
After  polarization,  the  potential  of  the  counter  electrode  vs  the 
reference  electrode  still  remained  unchanged.  Due  to  the  large  area 


of  the  counter  electrode  (graphite  crucible),  much  polarization 
occurred  only  on  the  anode  during  electrolysis. 

To  obtain  the  anodic  over  voltage  (qa),  the  standard  reversible 
potential  at  the  temperature  tested  for  reaction  (1)  (1.13V)  was 
substracted  from  the  polarization  data  (anode- ref  erence ).  The 
overvoltage  data  for  granhite  anodes  with  different  dopants  under 
industrial  current  density  are  presented  in  Table  I. 


Table  I  Overvoltages  on  graphite  anodes  *itn 
different  dopants  at  Industrial  curreii  densities 


(Ka,AlPg  -  1 2$  (wt)  M20j,  1000  +  5°C) 


lopingvW) 

p  v 

Currant  Oensities  (A/ca") 

^.70 

0  .es 

1 

1.0c 

■  1.15 

1 .70 

none 

0.147 

0.286 

0.424 

0.562 

O.6Q0 

RuGl-j 

C.064 

0 . 1 78 

0.212 

0.286 

t  .760 

CrCl, 

->•  .  i :  2 

0.011 

0.175 

1.258  j  0.7P2 

MiClj 

0.099 

0.229 

0.757 

..486 

0.615 

NiClp 

0.019 

0.487 

0.676 

0.7R3 

t.aCl 

.176 

0.2R3 

0.790 

- 

0.4  97 

COC1, 

■:  .437 

0.730 

0.917 

1.215 

1.459 

U2C07 

0.105 

0.249 

0.7  97 

L _ 

_ 

0.537 

*  0 runic  voltage  drop  was  not  ej.i:r.5na!;ed. 

Elec troca ta ly t ic  activity  of _ the  carbon  a nod e 

Oxygen  and  fluorine  containing  ions  discharged  on  a  carbon 
anode  in  the  aluminium  electrolysis  reaction  process  would  produce 
various  intermediate  compounds  such  as  cxo.  Because  of  the  mecha 
ni  sm  of  this  anodic  process  is  quite  complicated,  it  is  not  suitable 
to  identify  the  el  ectroca  taly  tical  activity  of  the  electrodes  b\ 
means  of  the  reaction  kinetic  parameters  obtained  from  the  above 
tests.  In  order  to  evaluate  the  cl  ectroca  ta  1  y  ti  c  activities  of 
various  anodes,  a  comparison  of  the  anode  oven  'll  tage  at  constant 
current  density  is  a  better  criterion.  The  lower  the  anodic  over 
voltage  the  better  the  ele  c  troca  ta  ly  ti  c  activity. 


It  is  evident  from  the  data  in  Table  I  as  well  as  from  Fig.  1 
and  Fig.  2  that  some  of  the  doping  agents  \ave  a  remarkable  electro- 
catalytic  effect  on  the  anodic  reaction.  In  particular,  CrCl^ 
Li2C(>3  and  RuCh  have  a  strong  positive  effect,  the  anodic  overvolt¬ 
age  at  1.0  A/cm*  being  reduced  by  0.2V  compared  with  no  dopant  in 
the  electrode.  Mnt’l2  ant*  NaCl  are  also  beneficial.  Doping  with 
NiClj  and  C0CI2  has  a  negative  influence.  The  el ect roca taly ti c 
function  of  carbon  anodes  with  dopants  may  result  from  changes  in 
the  stoichiometry,  valence,  crystal  structure  nature  of  conduction 
and  surface  states.  Generation  of  more  active  sites  in  the  bulk 
carbon  after  doping  would  be  favorable  to  the  adsorption  and  dis¬ 
charge  of  oxygen  containing  ions,  which  may  result  in  a  higher  rate 
of  anodic  reaction  or  lower  overvoltage.  Following  Rao's  (6) 
studying  on  the  burning  process  of  carbon  and  the  catalysis  of  the 
Boudouard  reaction,  L12CO3  had  a  strong  catalytic  effect  on  the 
burning  of  carbon.  This  agrees  with  the  effects  of  doping  L12CO3 
into  carbon  anodes  in  present  work.  In  fact,  the  anodic  reaction  on 
carbon  anodes  in  the  aluminium  electrolysis  process  is  an  electro¬ 
oxidation  reaction  of  carbon  (7). 

The  lifetime  of  the  elec troca taly tic  activity  of  doped  carbon  anodes 

The  lifetime  of  the  el  e  c  troca  taly  ti  c  activity  of  a  doped  car¬ 
bon  anode  is  important  for  its  application  and  worthy  of  study.  The 
results  obtained  are  shown  in  Fig.  3. 

Both  anodes  with  dopants  and  without  dopants  were  polarized  at 


t  (  mi  n  ) 

Fig. 3  The  lasting  time  of  electrocatalytic 
activity  of  doped  carbon  anode  (3  =  1.4  v) 

the  same  potential  (E  =  1.4V).  A  higher  current  density  was 
observed  to  pass  through  the  doped  anode.  As  shown  in  Fig.  3,  no 
electrocataly tic  activity  decline  was  observed  on  the  well  prepared 
doped  anodes  within  the  test  period.  With  a  few  exceptions,  the 


electrocataly tic  activity  of  some  doped  carbon  anodes  began  to 
decline  after  several  ninntes.  This  may  be  ascribed  to  both  degen¬ 
eration  of  the  electrocatalyst  and  to  the  low  probability  that  the 
catalyst  could  remain  in  the  anode  during  the  consumption  of  the 
carbon  anode.  Especially,  when  the  doping  agents  were  not  distrib¬ 
uted  homogeneously  inside  the  bulh  of  the  electrode  or  distributed 
mainly  on  the  surface  of  anode,  the  electrocatalytic  activity  of  the 
anode  obviously  declines.  In  this  case,  adopting  an  inert  anode  to 
replace  the  existing  carbon  anodes  in  aluminium  electrolysis  will  be 
advantageous,  because  the  anodes  will  not  be  consumed  and  the  cata¬ 
lysts  will  be  present  for  a  longer  time.  Although  carbon  anodes  are 
consumable,  this  doping  technique,  which  is  simple  and  can  be  adapt¬ 
ed  to  industrial  use  with  ease,  is  available  and  exhibits  good 
prospects  as  a  technique  for  saving  energy. 


Estimation  of  the  power  saving  resulting  from  reduction  of  the 
overvoltage  on  carbon  anodes 

In  aliminium  electrolysis,  the  power  required  per  ton  of  metal 
produced  is  calculated  as: 


P  =  2980  _  (KWH/T) 
CE 


where  CE  =  current  efficiency  (decimal); 

Vc  =  average  pot  voltages,  (volts). 

vc  =  E°  +  qa  +  qc  +  Ei 

where  E°  is  standard  reversible  potential;  qa  and  qc  are  anodic  and 
cathodic  overvoltage,  respectively;  I  is  the  current;  £R  is  the  sum 
of  ohmic  resistances  of  electronic  and  ionic  conductors  in  the  cell. 
When  all  other  condition  are  kept  constant,  energy  saving  can  be 
realized  by  reducing  the  qa.  He  estimation  of  energy  saving  per 
ton  of  aluminium  produced  at  0.85  A/ cn?  is  presented  in  Table  II. 

It  can  be  seen  that,  as  a  consequence  of  adopting  doped  carbon 
anodes,  the  amount  of  electrical  energy  used  can  be  reduced.  The 
highest  efficiency  of  saving  energy  is  6.0%. 

Since  the  concentration  of  doping  agents  in  the  carbon  anodes 
was  very  low,  the  alusiniun  produced  would  not  be  contaminated  by 
them,  especially  in  the  case  of  doping  with  LijCOj.  Lithium  salts 
were  always  used  as  additives  in  Hall  baths  and  there  was  no  contam¬ 
ination  problem. 

The  doping  technique  used  in  this  test  is  very  simple  and  can 
be  realized  in  the  anode  workshop.  Neither  additional  expense  nor 
other  equipment  is  needed.  It  is  predicted  that  employing  these 
techniques  in  the  aluminium  electrolysis  industry  will  be  benefi¬ 
cial  . 

However,  the  doping  technique  still  reeds  study  in  order  to 
select  doping  elements  with  a  more  extended  range  and  to  lock  for 
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Table  II 


Estimation  of  energy  saving  by  the 
reducing  of  anodic  overvoltage  when 
using  doped  carbon  anode 


Doping 

agent 

anodic  over 
-voltage  at 

0.05  A/cm^ 

anodic  over 
-voltage  at 

reduced  ^ 

D.C . 

KWH/T  : 

m 

none 

0 

■'15258 

0 

0 

Rudl^ 

0.139 

-0.147 

14740 

4  97 

3.3 

CrCl^ 

0.011 

-0 . 275 

14307 

930 

6.1 

Ii2C03 

0.105 

-0.281 

14525 

612 

4  .0 

MnCl- 

0.229 

-0.057 

15045 

192 

1-3 

WaCl 

0.283 

-0 .003 

15228 

10 

0.06 

*  Estimated  from  3q.  (2)  as  Vc  =4.5  V,  C3  =  0.88 

factors  which  prulung  the  lifetime  of  the  el  ect  rocs  ta  ly  ti  c  activity 
of  the  doped  carbon  anodes.  Meanwhile,  the  mechanism  of  the  elec- 
trocatalytic  effect  of  dopants  and  the  consumption  of  carbon  anodes 
must  also  be  considered. 
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STUDIES  OF  THE  ANODIC  PROCESS  AT  SnO,-BASEP 
ELECTRODES  IN  ALUMINIUM  ELECTROLYSIS 


Liu  Yexiang  and  Liao  Haiming 
Dept,  of  Metallurgy 
The  Central  South  Univ.  of  Technology 
Changsha,  China 


ABSTRACT 


The  use  of  inert  anodes  and  stable  cathodes  in  the  al  minium 
electrolysis  industry  is  of  important  significance  for  saving 
energy. 

The  electrochemical  characteristics  of  SnC^-based  electrodes  in 
aluninium  electrolysis  are  interesting  not  only  for  understanding 
the  mechanism  of  the  anode  process  and  infering  indirectly  the 
structure  of  cryol  i  te— al  ixnina  melt,  but  also  for  developing  new 
techniques  for  aluminium  metallurgy  with  inert  anodes. 

The  anode  process  on  Sn02"based  electrodes  in  aluminium  elec¬ 
trolysis  has  been  studied  by  several  electrochemical  methods  and 
some  initial  results  have  been  obtained. 

Prior  to  the  above  mentioned  studies,  a  new  reference  electrode 
that  is  itself  a  SnOj-based  electrode  has  been  tested  and  inspected 
at  the  same  time  an  aluminium  reference  electrode  was  employed.  It 
was  discovered  that  the  potential  of  a  Sn(>2~based  electrode  dipped 
into  cryolite-alumina  melt  was  stable  for  a  long  time  and  fluctuated 
within  a  few  mV  (+8mV).  The  performance  of  a  SnOj -based  electrode 
was  reproducible  and  reversible.  As  a  reference  electrode,  its 
construction  was  simple,  and  it  was  convenient  to  use.  The  poten¬ 
tial  relationship  between  a  SnOj-based  electrode  and  an  aluminium 
reference  electrode  could  be  expressed  as  follows: 

ESnO  =  1.8062-0.3332  logNA1  0  -5.1409  x  1<T4  T*EM 
2  2  3 


The  anode  overvoltage  on  a  SnO^-based  electrode  was  found  to  be 
0.1-0.2V  at  industrial  current  densities  by  the  steady  state  techni¬ 
que.  The  occurrence  of  two  straight  segments  on  the  anodic  Tafel 
plot  implied  a  two-step  oxygen  discharge  reaction. 

The  linear  potential  sweep  curves  obtained  from  a  SnOj-based 
anode  showed  that  oxygen  and  fluorine  discharged  separately.  ^No 
anode  effect  appeared  at  high  current  densities  (i  -  12  A/cm  ), 
which  could  be  explained  from  the  good  wetting  of  SnOj  materials  by 
the  molten  electrolyte. 

According  to  chronogal vanic  measurements,  oxygen  evolution  on  a 
gmOj-based  anode  was  a  irreversible  process.  The  current-time  rela¬ 
tion  could  be  described  as  follows 
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*f2t 

I  =  nFAKC  exp  ( - )(1  -  /Kf  t1/2/D1/2«*y2  dy) 

D 

where  Kf  *  0.001  cm  s~* . 

It  has  been  discovered  from  chronopo  tent  i  one  trie  measurements 
that  the  oxygen  evolution  on  a  SnOj^^sed  electrode  was  an  irrevers¬ 
ible  process  preceded  by  a  chemical  reaction.  The  values  of  K, 
and  Kt,  involved  in  this  chemical  reaction  could  be  calculated  (K  = 
0.6,  =  750.8  s  * »  =  1251.5  s-*)  where  K  was  the  equil  ibrium 

constant  of  the  reaction,  Kf  was  the  rate  constant  of  the  forward 
reaction,  and  was  that  of  the  backward  reaction.  Also  0na  =  0.85 
was  obtained  from  the  chronopote  nti  ome  tri  c  technique.  In  the  case 
of  £na  =  0.5,  thus  na  =  1.7  =  2.  Jt  appeared  that  there  were  two 
electrons  transferred  in  the  rate-determining  step. 

Based  on  all  the  results  obtained  from  different  electrochemi¬ 
cal  measurements,  the  mechanism  of  oxygen  evolution  on  the  SnOj- 
based  anode  was  thought  to  be 


AlOFl-*  ^  AlF|-»  +  O2' 

(A) 

o2"  - >  (Mad)  +  2e 

(B) 

O(ad)  +  O(ad)  - )  02(»d) 

(C) 

O2-  +  0 (ad )  - >  02(ad)  +  2e 

(D) 

«2(ad)  — >  02<g) 

(E) 

(B)  was  the  ra  te-de  te rmi ning  step. 


752 


ELECTRIC  FIELD  IS  CALCULATED  EY  SOLVING  LAPLACE'S  EQUATION 
ON  A  CYLINDRICAL  GRAPHITE  ANODE  IN  MOLTEN  NaF  AND  Na.AlF, ... 

Chrlstiane  Brunet  and  Pierre  Mergault 

Laboratoire  de  Physique  des  Liquides  Ioniques, 
University  Pierre  et  Marie  Cuiie,  Tour  15, 

4,  Place  Jussieu,  75252  PARIS  CEDEX  05,  FRANCE. 


ABSTRACT 


Ve  have  shown  repeatedly  in  our  laboratory  (1.9)  and  it  is 
confirmed  by  some  recent  papers  (10.13)  that  the  surface  of 
the  graphite  anode  available  for  electrolysis  diminishes  when 
time  Increases;  this  produces  a  growing  resistance  R  in  the 
cell  and  an  increasing  current  density  (the  role  of  fluorine  in 
the  insulation  phenomenon  of  the  anode  is  of  prime  importance). 
To  calculate  R,  Laplace's  equation  is  numerically  resolved  to 
have  a  potential  map  of  the  cell,  whence  E,  f  =  if, I  =  'r  T. dff,  R 
=  V/I.  In  any  case,  the  ultimate  step  before  anodeJ  effect 
occurs,  is  the  insulation  of  the  anode  by  vaporization  of  the 
liquid  near  the  surface  of  the  not  yet  insulated  anode. 


EXPERIMENTS  AND  RESULTS 


Ve  showed  (5,7)  that  the  ohmic  drop  R.  on  an  anode  measured  at  the 
interruption  of  the  current,  is  greater  after  an  electrolysis  of  molten 
NaF  or  Na.AlF.-,  between  graphite  electrodes  (in  our  case,  the  crucible  and 
a  central  electrode  with  a  symmetry  of  revolution  around  a  common 
vertical  axis,  see  flg.l)  and  even  before  anode  effect  (AE)  occurs;  the 
anode  may  be  one  of  these  two  electrodes.  This  anodic  ohmic  drop  is  not 
a  constant  and  can  reach  very  high  values  whereas  on  the  cathodic  side, 
the  ohmic  drop  R,  is  small  and  constant:  this  last  result  permits  to 
assert  that  the  bath  does  not  significantly  change. 

When  AE  occurs,  the  current  Intensity  I  observed  for  example  on  a  storage 
oscilloscope  display,  decreases  down  to  zero  or  almost.  A  discussion  of 
this  experimental  result  shows  that  I  =  0  if  the  anode  Is  completely 


753 


surrounded  by  an  insulating  sheath  and  then,  R  =  R„  +  R,  is  infinite  (2). 
As  a  consequence  of  these  experiments,  we  may  interpret  the  high  values 
of  the  ohmic  drop  on  the  anode  side  as  due  to  a  partial  coverage  of  the 
anode  by  an  insulating  sheath.  This  first  supposition  is  quite  logical  and 
does  not  imply  any  hypothesis  concerning  the  nature  of  this  sheath 
(adsorbed  sheath,  gaseous  sheath,  and  so  on..) 


RESOLUTION  OF  THE  LAPLACE'S  EQUATION 


Then  it  is  necessary  to  have  a  relation  between  the  Insulating  coverage 
of  the  anode,  8  =  S./S  (with  S  -  S.+S,,  where  S  is  the  whole  surface  of 
the  anode,  S,  the  surface  of  the  Insulated  part  and  St  the  "free”  surface 
of  the  anode, that  is  to  say  the  surface  allowing  the  passage  of  the 
current  between  bath  and  graphite)  and  R.  Since  there  is  no  analytical 
solution  of  Laplace's  equation,  aV  =  0,  for  the  geometry  we  used,  we 
calculate  R  for  a  given  coverage  6  by  numerically  solving  aV  =  0  in  order 
to  obtain  a  potential  map  with  the  V  values  at  every  point  of  a  regular 
network.  Then  we  can  deduce  the  electric  field  E^  and^ by  assuming  * 
constant  in  the  whole  bath,  we  have  J  by  Ohm  law,  J*  =  Yfi,  I  =  .  J.dS  and 
R  =  V/I. 

Some  more  assumptions  are  yet  necessary  to  simplify  the  calculation: 

1- Thermal  and  electrical  conductivities  are  constant  throughout  the 

bath. 

2- The  electrical  conductivity  of  the  bath  being  very  much  smaller 

than  the  graphite  one  V  ,,  *  500,  we  may  consider  yv  as  infinite. 

This  hypothesis  permits  to  have  E  and  J  perpendicular  to  the  "free" 
surface  of  the  anode  (the  electric  field  in  the  bath  near  the  Insulated 
surface  of  the  graphite  Is  tangential  to  this  surface). 

3- S,  is  an  increasing  function  of  time,  that  is  to  say  that  we  do  not 
take  account  of  the  usual  statistical  aspect  of  the  coverage  phenomenon. 

4- The  increase  AS,  of  the  insulated  graphite  surface  part  S,  at  a 
giver,  time  occurs  to  the  detriment  of  S. ,  S.+S,  =  S  leads  to  dS,+dS,  =  0, 
on  those  parts  of  S,  where  iTl  Is  maximal.  This  hypothesis  permits  to 
keep  the  symmetry  of  revolution  of  the  problem. 

5- Thls  "mechanism”  of  anode  coverage  is  quite  different  from  that 
observed  by  T.Utigard  and  J.M.Toguri  (11)  wherein  the  underside  of  the 
anode  is  first  insulated  from  the  bath  by  a  large  gas  bubble.  To  take 
account  of  this  experimental  result,  we  take  a  S  value  which  does  not 
comprise  the  anode  underside  surface. 

Even  in  this  framework,  the  solution  of  Laplace’s  equation  Is  analytically 
Impossible  and  we  have  resorted  to  numerical  calculations. 

These  calculations  are  carried  out  for  different  values  of  the  coverage  in 
a  frame  of  cylindrical  coordinates  with  the  z  axis  coinciding  with  the 
symmetry  axis.  Then  the  Laplace's  equation  becomes: 

AV  =  (1/r) (dV/dr)+ (d  V/dr  )  =  0. 
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In  doing  so,  ~e  used  the  Frankel-Young  method  while  using  an  optimisation 
factor  determined  by  the  Gauss-Seidel  method  (14,1b)  and  with  a  network 
of  3744  points  (the  distance  between  two  nearest  points  is  0.5mm  in  the 
bath):  thus  we  obtain  the  curve  of  figure  2.  In  a  recent  paper  (16),  we 
showed  that  even  if  the  surface  of  an  electrode  is  progressively 
insulated  by  an  electrochemical  process,  as  is  the  case  for  a  graphite 
anode  in  molten  fluorides  or  chlorides,  there  is  always  a  time  after 
which  the  Joule  effect  gets  to  play  a  leading  role  in  making  up  the  layer 
needed  for  a  complete  insulation  of  the  electrode  (electrode  effect  <EE> 
onset).  It  is  straightforward  in  the  case  of  electrode  effects  (EE) 
without  electrochemical  (or  chemical)  insulating  of  the  electrode  and  the 
demonstration  Is  very  easy  In  the  case  of  an  electrochemical  insulating 
coverage  proportional  to  the  quantity  of  electricity: 

dQ  =  I.dT  =  -k.dS,, 

where  k  and  I  are  constant  (this  condition  fulfills  the  hypothesis  3-  and 
4-  above):  this  demonstration  is  also  valid  for  a<2  when  we  have: 

Q  =  k.  (S,-S)  •’  =  I.(t-t,), 

although  it  is  very  difficult  to  think  up  an  electrochemical  process  with 

a>l. 


DISCUSSION 


At  first  view,  it  seems  that  it  is  necessary  to  take  into  consideration 
the  heat  of  vaporization  of  the  bath  in  the  calculation  of  the  induction 
time  of  EE.  But  in  the  case  wherein  there  is  no  gaseous  emittance  on  the 
considered  electrode,  the  constitution  of  an  insulating  gaseous  layer 
around  the  electrode  in  question  corresponds  to  the  theoretical  and 
experimental  Intervals  of  induction  time  of  the  EE.  This  shows  that  we 
do  not  have  to  take  into  account  the  vaporisation  heat  (17).  This 
interpretation  remains  v->'.id  for  ft. i  ;4  sr.l,  :>  part:-:  .Tar.  for 
fluoride,,  baths. 
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AiJ./TilAU  ? 


The  influences  of  different  sorts  of  magnesi  im  ox¬ 
ide  on  trie  diffusion  rate  of  magnesium  deposition 
in  trie  i-igC  i  ,-NaC  1-KC  1-CaL  1  molten  s'- It  tystem 

have  been  investigated  with  a  multiple  electroche¬ 
mical  measuring  system. 

The  variances  of  the  limiting  current  density 
of  the  deposition  of  magnesium  i  in  with  the  -amount 
of  MgO  added  have  boon  measured  with  linear  vol¬ 
tage  scan  methods.  fhe  diffusion  coefficient  and 
the  diffusion  reactivity  energy  of  magnesium  ion 
have  been  determined  and  the  effects  of  MgO  on 
them  nave  also  been  studied. 

It  was  shown  that  different  sorts  of  MgO  have 
different  influences  on  the  diffusion  coefficient, 
and  the  MgJ  ootained  from  the  hydrolysis  of  M«C  L,  • 

6H^0  has  the  most  obvious  effects  on  it. 

IN  I'.-tObUC  f  I-jN 

Magnesium  oxide  has  unfavourable  ei'f-ots  on  the  electrolysis 
process  of  magnesium  production.  As  ,i  result,  of  its  tiny 
particles  and  strong  reactivity,  Mqf,  from  the  hydrolysis  ti¬ 
the  magnesium  electrolyte  in  th»  e  lee  tro  Lysis  process,  is 
prone  to  being  absorbed  by  trie  cathode  aril  causing  trie  cath¬ 
ode  to  be  polarized. 

The  present  paper  refers  to  the  magnesium  electrolyte 
system  in  industiial  electrolysis  and  applies  linear  voltage 
scan  electrochemical  technique  to  study  the  influences  of 
MgO  on  the  diffusion  coefficient  and  the  limiting  current 
density  of  the  deposition  of  magnesium  ion. 


EXPblRI.'lKN  fAL 


Conditions 

‘The  chlorides  used  in  the  experiments  were  nr^dried  in 
oven,  then  in  nrerlried  gaseous  HC 1  until  they  were  melted. 
The  experiments  were  performed  in  atmosphere  of  argon  -it  am¬ 
bient  pressure  and  at  the  temperature  of  700  C. 

E  Lee  trade  s 

The  electrode  system  involved  an  'do,  wor-King  oleotrode 
and  reference  electrode,  A  stable  A^/A.,01  reference 
electrode  with  ceramic  diaphragm  was  used.  I'he  anode  was 
made  of  spectral  purity  carbon  and  the  «  intin.:  electrode  of 
molybdenum. 

The  electrolysur  was  set  m  a  quartz  .lass  container. 


rift  ill i. ”  j  -M)  . ;  1  .jlj v.'  i  1I-A. 

The  Influences  of  MgO  on  the  diffusion  Coefficient  and  the 
Limiting  Current  uensity 

Fig.  1  and  Fig.  2  are  respectively  tne  linear  voltage 
scan  voltsmmograms  at  different  scan  rate  with  the  electro¬ 
lyte  containing  <Vi  (wt.j  and  0.$$  (wt.)  AgO. 

From  the  voltammograms  we  Know  tnat,  at  tne  same  scan 
rate,  the  peak  current  density  is  obviously  reduced  after 
adding  a  small  amount  of  uigO  into  the  electrolyte,  and  the 
depo  ;ition  voltage  of  i-ig*’  ’  is  also  reduced  a  little  vs.  Ag/ 
AgCl  electrode.  These  all  show  that  the  ,*j..O  is  absorbed  by 
the  cathode.  There  fore ,  tne  diffusion  of  .-ig*  "  to  the  ca¬ 
thode  surface  is  impeded,  ttie  diffusion  rate  and  tne  diffu¬ 
sion  current  density  is  lowered,  and  the  cathodic  concentra¬ 
tion  polarization  is  more  obvious. 

On  the  curves,  it  is  also  noticed  that  the  peak  current 
decreased  o or re snond in  gly  with  the  decrease  of  the  scan 
rate.  Based  on  tne  fundamental  electrochemi "try.  the  neak 
current  ( Ip;  and  the  seen  nto  (V)  notify  tne  following  ele¬ 
ctrochemical  equation: 

Ip  --  0.661  (nF)3^?(LoV/nT,'1/;>ACo  (1) 

Where  A  is  tne  area  of  the  cathode.  Do  is  the  diffusion 
coefficient  (cm^/sec)  of  reactant,  and  Jo  is  the  bulk 


concentration  (mol/ car')  of  reactant. 

The  plots  of  Ip  vs.  are  shown  in  Fig.  3-  The  slope 

(tgA)  of  a  nlot  is  derived  from  tne  equation  (1,1. 

tgA  ^  0.661 (nF)3/2(Do/KT)1/?AC0  (2) 

From  the  equation  (2),  the  diffusion  coefficient  in  can 
be  determined.  The  results  are  shown  in  Fig.  A. 

Fig.  4  snows  that  the  smaller  the  amount  of  ,-igu  is,  the 
more  obvious  tne  influences  on  the  diffusion  coefficient 
are.  The  similar  effects  on  the  limiting  current  density 
are  shown  in  Fig.  6-  With  the  adding  amount  of  ,-lgO  increas¬ 
ing  from  O’'  (wt.)  to  0.3I  (wt.  ,,  tne  diffusion  coefficient 
uo  and  the  limiting  current  density  Id  decrease  rapidly. 
Then,  the  amount  increasing  further,  there  is  only  a  little 
decrease  of  Do  and  Id.  That  is,  tne  effects  of  M-rU  become 
weaKei  and  weaiter. 

According  to  tne  analysis  above,  it  33  assune  tnat  tne 
increase  of  the  absorbed  Ago  film  on  toe  catuode  ceased  when 
tne  ;V>)  increased  to  ■»  certain  amount.  Vi  -Tie  nano,  ty 
film  obstructs  the  diffusion  of  magnesium  ion  to  the  cathodic 
surface.  Jn  trie  ither  '.and,  it  also  obstructs  tne  firtner 
absorbtion  of  the  cathode. 

The  Diffusion  Activation  Dneigy 

lenerall/,  the  diffusion  coefficient  Do  increases  wuh 
the  temperature,  and  they  observe  the  following  equation: 

In  Do  -  A  -  ( rf/aT) 

Here  A  is  a  constant,  W  is  tne  diffusion  activation  en¬ 
ergy.  vfith  the  electrolyte  containing  0.3A  (wt. }  rigO,  trip 
magnesium  diffusion  coefficients  were  measured  with  linear 
voltage  scan  method  at  different  temperatures,  and  the  plot 
of  InUo  vs.  l/T  is  shown  in  Fig.  6.  From  tne  slop"  of  this 
plot,  tne  diffusion  activation  energy  was  calculated  to  be 
3200  ca 1/mol. 

Trie  .nfluences  of  Different  Forms  of  mg u 

The  reactivity  of  Kgu  is  related  to  the  me t hod  and  pro¬ 
cess  of  its  production.  The  experiments  of  the  influences 
of  agent  ,igu,  hydrolysis  rigO  and  MgJliCl  on  the  diffusion  of 
magnesium  ion  have  been  made.  The  results  are  shown  in 
Fig.  7. 
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Like  the  preceding  discussion,  all  the  magnesium  oxides 
have  apparent  influences  on  Lo  with  the  amount  of  MgO  rang¬ 
ing  from  0%  to  0.3/O  (wt. ) .  At  the  same  amount,  the  influ¬ 
ence  of  hydrolysis  M gi_  on  the  no  is  the  most,  the  MguHCl  in¬ 
fluence  is  smallei ,  and  the  agent  Mgo  one  is  the  smallest. 
The  differences  of  the  influences  show  that  there  are  dif¬ 
ferent  reactivities  with  different  sources  of  MgO. 

The  apparent  reactivity  of  MgOHCl  is  smaller  than  the 
hydrolys.  ?  one.  Actually,  MgOHCl  will  rapidly  decompose  and 
produce  MgO  at  the  experimental  temperature  wnen  it  is  added 
into  the  electrolyte  so  that  the  influences  really  are  per¬ 
formed  by  M gO.  The  weight  ratio  of  MgO  to  HC1  is  about  1:1  . 
If  MgoHCl  is  almost  completely  decomposed,  0.3%  (wt.)  MgOHCl 
will  produce  0.15%  hydrolysis  MgO.  Based  on  this  hypothesis, 
the  curve  of  Lo  (MgOHCl)  vs.  MgO  (produced  from  the  decompo¬ 
sition  of  MgOHCl)  have  been  made  out.  As  shown  in  Fig.  8, 
it  is  very  closed  to  the  curve  of  hydrolysis  MgO  within  0.6% 
(wt.)  MgOKCl.  The  similarity  of  the  two  curves  shows  that 
most  of  the  MgOHCl  decomposes  into  MgO  instead  of  the  MgOH+ 
ion.  The  fact  that  there  is  only  a  small  current  peak  of 
MgOH+  on  the  wide  range  linear  voltage  scan  voltammogram  is 
one  of  the  evidences  for  the  hypothesis,  too. 


CONCLUSION 

MgO,  the  impurity  in  the  electrolyte,  is  absorbed  on  the 
cathode  and  cause  it  to  be  polarized.  Therefore,  the  limit¬ 
ing  current  density  and  the  diffusion  coefficient  are 
lowered . 

At  the  electrolysis  temperature,  with  the  content  of  ..gj 
increasing  from  0%  (wt.)  to  0.3%  (wt.),  the  diffusion  coef¬ 
ficient  Do  and  the  limiting  current  density  Id  are  decreased 
rapidly.  Then,  witn  the  further  increasing  of  tne  content 
of  MgO,  the  decrease  of  Lo  and  Id  disappears  gradually. 

MgO  from  different  sources  possesses  different  reacti¬ 
vity.  The  hydrolyzed  electrolyte  (MgOHCl)  is  probably  mostly 
decomposed  into  MgO,  and  there  is  very  little  to  be  dissolved 
into  NgOH+  in  the  molten  salts. 
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ABSTRACT 

Surface  coating  treatment  by  chemical  transport  using  dispro¬ 
portionation  reaction  in  molten  salts  was  studied  comprehen¬ 
sively.  The  metal  such  as  Si  .L'r.T  i  .V.Zr.Ta  and  etc.  was 
deposited  to  form  alloy  and  compound  coating  on  the  surface  by 
application  of  the  disproportionation  reaction  in  molten  halide 
salts  KCI  BatTz  NaF-Me  Me  salt  system.  The  overall  reaction 
can  be  represented  as  follows. 

M ( a i :  in  source)  —  Mtaa:  in  metal  or  compounds)  ( a i  a2) 
Various  films  were  coated  on  steels  by  this  method;  ferro- 
s i 1  icon  and  ferrosilicon  graphite  composite,  chromium  carbide, 
titanium  carbide,  vanadium  carbide,  tantalum  carbide  and  boride 
films  of  these  metals.  The  surface  hardnesst  Hv)  of  these  films 
ranged  from  1UUU  to  30lhi  and  they  had  very  high  wear  resistance. 


INTRODUCTION 

Many  surface  treatments  have  teen  done  in  ari  attempt  to  improve 
the  performance  characteristics  of  material  surfaced).  The  diffusion 
treatment  is  well  known  as  a  representative  one.  The 
disproportionation  in  molten  salts  can  precipitate  an  active  metal  on 
the  surface,  which  is  able  to  alloy  and  compound  by  reaction  with  the 
component  of  substrate.  In  this  investigation,  activity  change  of 
metal  at  the  same  temperature  was  used  for  the  surface  coating  of 
alloy  and  compounds.  This  method  by  means  of  disproportionation  is 
one  of  the  chemical  transport  process  in  molten  salts. 

The  disproportionation  reaction  is  defined  as  the  redox  reaction 
of  metal  ions  with  the  same  metal.  like  the  following 
disproportionation  reaction  of  A I ( 2 ) ( f  ormu 1  a  .1.  and  ,2  ). 
Disproprotionation  reaction  can  be  performed  by  two  kinds  of  driving 
force:  the  one  is  the  difference  in  temperature  between  reaction 
system  and  production  system,  and  the  other  is  that  in  activity.  The 
former  has  been  utilized  for  refining  Al urainium(2) .  The  reactions  can 
be  described  as  follows. 


.>1 373K 

2A!  <  crude )  ( I )  t  AICU(g)  -  3AICl(g) 


1 


765 


•  973k 

3Alll(g)  —  2Al(pure)(l)  -  AIL'Mg)  .2 

Temperature  difference  should  be  requisite  to  proceed  this  reaction, 
Al(source)  — >  A I ( product i on  ) . 

On  the  other  hand,  the  latter  can  be  applied  to  coating  of  substrate 

by  precipitation  in  molten  salts.  For  example.  Gay  and  his 

coworkers(2)  found  that  nickel  can  be  siliconized  by  dipping  into 
molten  KC1  \atl -NaF  NagSiFs  salts  containing  silicon  powder.  The 
reaction  was  described  as  follows. 

SHpowder  in  molten  salts)  -  Si'4'  — *  2Siii'  3 

4Si2'r  5Ni  — *  2Si4'  t  N i 5Si 2 ( ma  ter i a  I  surface)  .4, 

The  difference  in  activity  of  silicon  between  powder  and  intermetal  I ic 
compound  should  be  requisite  to  perform  these  disproportionation 
reactions  3  and  4  at  the  same  temperature.  Here  in  this  paper  the 
latter  disproportionation  will  be  applied  to  produce  the  coated  films 
on  substrate. 


KtSHSLl’S  AND  DISCISSION 

1  .Pre-consideration  about  the  mechanism  of  precipitation  i  ri  molten 
sa  M  s 

I  he  mechanism  of  precipitation  in  molten  salts  was  suggested  as 


the  following  processes. 

(1 )Col I ision  mechanism 

Me  t  Substrate  -»  MeSubstrate  3 

(2 Exchange  mechanism 

MeCIn  t  Substrate  —  (Substrate  component ) Cl  n  •  Me  t> 

Me  ♦  Substrate  Me-Substrate  7 

(3)Disproportionation  mechanism 

MeCIn  — *  MeCU  a  *  MeCI„.b  K 

or 

MeCIn  —  Me  t  MeCI „ . „  ,  MeCI„-a  —  Me  -  MefU  9 

Me  t  Substrate  — *  Me  Substrate  1m 


Me(Source)  t  MeClm»n  — 1 ■  MeClm  .  Me(Source)  *  MeCIn,  — *  MeCl„  ,  11 
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There  were  many  discussions  about  these  mechanismsOMlU) .  where 
there  are  many  results  for  which  the  collision  mechanism  cannot  give 
an  explanation.  This  experiment  was  performed  in  order  to  evaluate 
the  disproportionation  mechanism  and  apply  it  to  preparation  of 
surface  coating  on  substrate. 


2. The  formation  of  ferrosilicon  and  ferrosi 1  icon-graphite  composite 
film  on  steel  as  alloy  film  format i on ( 1 1 ),( 12) 

Table  1  shows  the  chemical  composition  and  the  original  hardness 
of  the  specimens.  It  was  immersed  into  the  molten  salts  NaCl-kCI  NaF 
at  973^11738,  which  contained  NaaSiFf,  and  silicon  powder  as  additiv¬ 
es.  After  dipping  of  3.b  '~]fi.8ks,  the  specimen  was  taken  out  of  the 
crucible,  washed  with  water,  dried  and  used  in  several  tests,  in  this 
treatment,  the  following  disproportionation  was  speculated. 

Si  (powder)  *  oF  *  Silv/  —  2SiF<.4'  i- 

2SiF64'  *  Si-Fe(on  substrate)  •  oF  •  SiF,/  13 

Silicon  which  deposits  on  the  meterial  surface  diffuses  into  the 
material  and  forms  intermetal  I  ic  compounds,  therefore  the  activity  ot 
deposited  silicon  is  lower  than  that  of  silicon  powder,  then  tne 
reactions  12,..! 3  occurred  steadily. 

Fig.l  shows  the  relationship  between  the  amount  of  coating  and 
the  molar  ratio  of  silicon  powder  to  \a2SiF,,.  the  amount  of  coating 
increased  with  added  silicon  powder. 

Fig. 2  shows  the  relationship  between  i  he  amount  of  coating  and 
NaF  or  NaaSiF*  quantity,  while  the  amount  ot  silicon  powder  was 
constant.  the  amount  of  coating  increased  with  increasing  these 
components.  Also  the  lack  of  either  Si  or  silicon  salts  resulted  in 
non-coating.  All  these  results  suggest  that  Si  precipitation  occurs 
through  the  disproportionation  reaction. 

And  X-ray  analysis  confirmed  that  the  ferrosilicon  films  were 
formed  inwardly  from  surface  to  reduce  silicon  ratio  in  this  order: 
FeSi2.  FeSi,  FeaSi .  The  hardness  Hv  at  the  vicinity  of  the  surface 
was  about  7UU. 


3. Chromium  carbide  and  othert I iC.VC.ZrC  and  Tat)  films  on 
steel  as  metal  carbide  film  format,  iont  12)  (14) 

Iri  this  experiment,  CrFj  and  chromium  powder  were  added  into 
fused  NaCI  KCINaF.  The  specimen  was  dipped  into  the  molten  mixture 
salt  at  1173k  for  10.8ks. 

Fig. 4  shows  the  profile  of  Vickers  hardness  in  the  surface  area 
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of  the  specimen.  It  was  about  1200  -^2000.  Cr?Cs  and  O2C  were  con¬ 
firmed  in  surface  films  by  X-ray  analysis.  The  amount  of  coating  was 
influenced  by  the  concentration  of  NaF,  OF3  and  chromium 
powder. (Fig. 5)  It  increased  with  increasing  concentration  of  each 
element  under  constant  concentration  of  the  others.  These  results 
suggest  also  the  following  disproportionation. 

Cr(powder)  +  F'  t  CrFV  — ’ *  2CrFV  [  1 4 j 

2CrF4  — *  Cr-C(on  Ccontaning  substrate)  t  F'  *  CrF?"  ;15j 

In  addition,  it  was  proved  that  the  proportion  of  chromium  ions  before 
the  treatment(44!fcCri't5bH>Crt’* )  changed  with  reaction,  and  that  the 
relative  concentration  ot  Cr3‘  increased.  (After  the  treatment, 
%. lltCr*",  3.9%Cr°*).  This  change  suggests  that  the  reaction  14, 
proceeds  faster  than  the  reaction  15  at  last  stage.  In  other  words, 
toe  formation  ot  chromium  carbide  may  be  controlled  by  consumption  of 
precipitated  chromium. 

The  other  carbide  films  could  be  formed  on  steel  by  the  same 
method.  The  molten  KC I -BaCI 2~NaF  salts  were  used  as  main  supporting 
salts  in  all  cases.  K2T i F&  and  sponge  titanium  for  titanium  carbide, 
VCI3  and  Fe-V  alloy  for  vanadium  carbide,  KaZrFfc  and  Fe-Zr  alloy  for 
zirconium  carbide,  K2TaF?  and  tantalum  for  tantalum  carbide  were  used 
as  additives.  respectively.  SKDll(JlS)  (1.5HC)  was  used  as 
C-containig  substrate  for  all  cases  and  moreover  S55C(JIS)(0.53>C)  and 
SKD3(JIS)(1 .Q%C)  especially  for  TaC  film. 

Fig. 6  shows  the  effect  of  the  treatment  temperature  on  the 
amount  of  coating  for  Tit',  VC  and  ZrC(treatment  time:3.bks).  In 
either  case,  the  amount  of  coating  increased  with  increasing 
temperature.  The  each  film  thickness  at  1273K  are  indicated  in  Fig.b. 

The  effects  of  additives  on  the  amount  of  coating  for  ZrC,  TiC 
and  VC  are  showed  by  Fig. 7  and  Fig. 8.  And  the  lack  of  either  metallic 
salt  or  metal  made  it  difficult  to  form  carbide  films.  These  results 
suggest  the  following  disproportionation  for  each  carbide  films. 


TiC: 

Ti (sponge) 

i  6F'  1 

TiF62"  -  2TiFft4" 

,1b 

2T i F  &  4  - 

Ti -C(on 

substrate)  t  bF"  - 

TiF62" 

,17 

VC: 

V( in  Fe-V 

alloy)  t 

2VCI  3VCU2" 

,18 

3VCI42' 

— *  V-C(on  substrate)  +  2VCIt, 

,19 

ZrC: 

Zr( Fe-Zr  a 

lloy)  *  bF  +  ZrF62‘->  2ZrF6 

4- 

,20 

2ZrFb4"  - 

Zr-C(on 

substrate)  +  bF"  * 

Zr  Ke,' 

.21 
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TaC:  2Ta(netal)  +  4F'  t  iTaF?2 ' -»  51aFs2  22 
5TaFs2'— *  2Ta-C(ori  substrate)  ♦  4F  t  3TaF72  .23 

Fig. 9  shows  the  profiles  of  vickers  hardness  in  surface  areas  for 
ZrC,  TiC  and  VC  coating.  The  hardness  at  the  immediate  vicinity  of 
surface  for  each  film  is  1490,  1750  and  3400.  respectively.  Fig.  lit 
represents  the  profiles  of  hardness  for  TaC  film  coating.  It  reached 
about  2800^  3000  (Hv)  at  the  immediate  vicinity  of  the  surface. 


4. The  formation  of  boride  film  on  steeldS)  as  boride  film  formation 

The  boriding  of  metal  substrate  in  molten  salts  was  investigated 
by  means  of  disproportionation  reaction,  too.  BjU^  and  ferroboron 
were  added  as  additives  into  the  molten  KCI  BaCI  2-\aF  salts.  The 
reaction  temperature  ranged  from  973  to  1173K.  lU.Sks  was  adopted  as 
treatment  time. 

The  dipping  of  SKD11  in  these  molten  salt  resulted  in  the  forma 
tion  of  Fe2B  film,  which  was  confirmed  by  X  rav  analysis.  It  is  indi¬ 
cated  in  Fig. 11  M3  that  the  amount  of  coating  depends  on  the  concen¬ 
tration  of  NaF,  B2O1  and  ferroboron.  This  suggests  the  following  dis 
proport ionation  reaction  for  film  formation. 

B( powder)  -  2B‘*  -  3B2‘  24 

3B2'  —  2B3‘  *  Boride  of  metal (on  substrate)  25 

Fig. 14  shows  the  profiles  of  vickers  hardness  in  surface  areas. 
When  austenitic  stainless  steel  <  A 1  SI  3t)4 . 31  b)  were  dipped.  IrB  film 
were  formed  on  its  surface. 

On  the  other  hand,  dipping  Cr  plated  steel  resulted  in  the 
formation  of  Cr2B  film,  which  showed  high  corrosion  resistance. 

Besides,  other  various  boride  films  on  steel  were  formed  by 
combination  of  carbide  formation  and  boriding.  The  specimen  with  TiC, 
VC  and  ZrC  film  were  immersed  in  boride  forming  molten  salts,  and 
TiB2,  VB  and  ZrB  films  were  made.  This  indicates  that  the  affinity  of 
metal -boron  is  much  greater  than  that  of  metal -carbon.  The  Vickers 
hardness  of  all  these  boride  films  ranged  from  1200  ~3tl0fi. 


5. Crystal  orientation  of  the  produced  films 

The  crystal  orientation  of  various  carbide  films  were 
investigated  by  X-ray  analysis.  The  special  orientation  could  not  be 
found  for  TiC,  WC  and  ZrC  films.  On  the  contrary,  (002)  plane  was 
preferentially  oriented  for  VC  film  and  (421)  plane  for  CMa  film. 
The  orientation  of  film  could  not  be  found  under  the  lack  of 


ViF.  The  orientation  of  film  is  intimately  ami  coup  I  i  <  a  t  e.J  I  y 
connected  witti  it's  formation  process,  ami  it  is  supposedly  at  great 
value  to  examine  it  furthermore. 


7. Conclusion 

It  was  turned  out  ilia  I  ti-rrosi  I  icon  ami  forms  i  i  icon  -graph  it  e 
composite  film,  various  carbide  films  an.)  boride  films  -.u.id  he  f.irmeii 
lay  utilising  the  useful  disproportionation  reaction  in  molten  salts. 
I  lie  specimen  was  immerse. I  into  molten  salts  at  tiixli  t  ( mperat  ure. 


which  contained  the  metal  tor  coal  ins  (M>  and  its  salt.  In  general, 
the  following  reaction  occurred. 

Ml  acid  i  t  i  ves )  •  M"  ‘  •  M'"'  'in  n  )  Jo 

M"1'  •  M"’  •  Ml  in  meta  i,  aiioy  and  compound)  J  7 

Hin  source;  an  ivity  a  ■  )  •  1  <  in  I  i  i  m :  ■  n  t  i  x  i  t  >  a2)  (  a  i  •  a2  ) 

JX 

I  lie  precipitated  M  onto  I  |.e  specimen  .Utilised  immediately  inward 
to  form  various  type  liims.  these  lorward  and  backward 
disproportionation  reactions  proceeded  at  ine  same  temperature.  ln;s 


mcdtio.l  can  he  called  one  of  the  chemical  transportation  method  in 
mo  1 1  hi  salts. 
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Table  I  Chemical  compos ition(massS) 
and  hardriess(Hv)  of  the  specimens 


molar  ratio  of  si 'icon  to  SajSiFe 


Fig. 1  The  relationship  between  the 
amount  of  coating  and  molar  ratio 
of  si  I  icon 


NaF,Na?SiFe  /  moU 


3000  r 


1000 


300 

aoo 


[  2188 

1255  - 

V 

—  CO  dh 

O  O  r'l 

%c 

\c 

%c 

_ 

1  •  1 

1  1  -l'  ’ 

. 

0  200  aoo  600  800  1000 

Depth  from  surface  /  u  ■ 


Fig. 4  The  profiles  of  Vickers 
hardness(Hv)  in  cromium  carbide  film 


Fig. 2  The  relationship  between  the 
amount  of  coating  and  NaF,Na2SiF6 
concentration 


771 


Vickers  hardness 
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Fig. 13  Relation  between 

deposit  and  ferro-al loy 
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Depth  from  surface  /urn 

Fig. 14  Vickers  hardness 

prof i les  from  surface 
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ABSTRACT 

Electrodeposition  of  titanium  from  alkali  chloride 
melts  containing  TiCl2/TiCla  was  studied  in  a 
small  laboratory  cell  in  the  temperature  range 
450-850  r'C.  The  reduction  step  and  the  subsequent 
anodic  dissolution  of  the  deposit  gave  well 
defined  voltammetric  peaks,  while  the  red-ox 
reaction  T i ( II)  •  r'  Ti(III)  +  e'  gave  broadened, 
ill-defined  peaks.  The  diffusion  coefficient  for 
the  metal  deposition  step  in  KCl-LiCl  eutectic  at 
456  °C  was  1.1*10'5  cm2 /s .  Potential  step  measure¬ 
ments  gave  indications  of  instantaneous  nucleation 
of  titanium  on  stainless  steel  cathodes.  The 
nature  of  the  titanium  deposit  varied  considerably 
with  the  cd ,  the  composition  of  the  melt  and  the 
temperature 


It  is  more  than  80  years  since  preparation  of 
titanium  by  fused  salt  electrolysis  was  reported  for 
the  first  time  by  Huppertz  (1).  He  claimed  to  have 
obtained  a  reasonably  pure  product  by  electrolysis  of  TiOt 
dissolved  in  CaClt .  At  present,  TiCl«  seems  to  be  the  most 
suitable  raw  material  for  electrowinning  of  titanium.  A 
stepwise  reduction  to  the  intermediate  stages  TiCls  and 
TiClf:  is  expected  before  Ti  metal  is  deposited  at  the 
cathode.  This  process  could  be  performed  in  either 
alkali  chloride  or  alkali  fluoride/chloride  based  systems 
at  temperatures  from  450  to  850  °C.  In  fluoride, 
chloride  mixtures,  Ti(III)  is  supposed  to  be  reduced 
directly  to  the  metal  (2).  In  chloride  melts  the 
temperature  can  be  lowered  substantially  (to  “120  cC)  by 
addition  of  A1C13  (3),  which  allows  application  of  low 
melting  apparatus. 

The  fact  that  titanium  is  present  in  different 
valences  involves  the  risk  of  red-ox,  disproportionation 
and  reoxidation  reactions  leading  to  severe  losses  in 
current  efficiency.  Although  there  are  a  large  number  of 
patents  and  papers  suggesting  various  solutions  to  the 
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multi  valency  problem,  there  is  still  no  process  adapted 
for  industrial  application.  The  use  of  various  types  of 
diaphragms  to  separate  the  anolyte  and  oatholyte  or 
circulation  of  the  electrolyte  between  two  separate  cells 
have  been  proposed.  In  the  latter  case  prereduction  of 
Ti(IV)  to  Ti(II)  is  performed  in  one  cell  and  reduction  to 
metallic  titanium  in  the  other  (4). 

The  melting  point  of  titanium  is  very  high  (1670  -C), 
so  the  metal  is  deposited  in  the  solid  state.  The  cathode 
product  can  have  different  forms' 

-  powder 

-  dendritic  crystals 

-  thin  sheets 

This  necessitates  periodic  removal  and  stripping  or 
replacement  of  the  cathode.  If  it  is  equipped  with  mere 
than  one  cathode.  the  electrolyzer  can  still  be  adapted 
for  continuous  operation.  A  continuous  process  is  one 
reason  why  electrolysis  looks  attractive  compared  to 
today’s  batch  processes,  such  as  the  Kroll  process 
which  is  based  on  metal lothermic  reduction  However, 
steady  improvements  of  the  Kroll  process  using  batches  of 
up  to  10  tons  of  titanium  makes  this  process  more 
competitive  as  the  time  passes. 

A  technical  break-through  is  not  the  only  factor 
leading  to  success  for  a  new  process.  The  price  and  the 
demand  for  titanium  products  must  also  be  con^  i.der>_  J . 
Earlier  the  main  applications  of  titanium  were  found  in 
the  military,  aircraft  and  aerospace  industries  and  to 
some  extent  in  the  chemical  industry.  However,  new 
applications  are  developing.  One  example  is  the 
replacement  of  special  steel  alloys  by  titanium  in  the 
offshore  oil  industry  (eg.  seawater  piping  application). 
The  medical  application  of  titanium  as  an  implant  material 
is  also  well  known. 


The  purpose  of  the  present  work  was  to  determine 
electrochemical  properties  of  titanium  in  selected 
chloride  melts,  and  to  study  the  nature  of  the  titanium 
metal  deposit  as  a  function  of  the  operating  parameters. 
It  is  believed  that  some  of  the  difficulties  encountered 
iri  process  development  can  be  overcome  by  a  proper 
understanding  of  the  chemistry  of  the  process. 
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EXPERIMENTAL 


The  experiments  were  carried  cut  in  a  transparent 
gold  film  furnace  (Trans  Temp  Inc.,  USA).  Two  types  of 
cell  containers  were  used;  ie.  transparent  silica  tubes 
and  sintered  alumina  crucibles.  The  cell  was  preheated 
under  an  argon  atmosphere,  filled  with  salts  inside  a 
dry-box  and  then  placed  in  the  furnace  without  exposing 
the  purified  salts  to  air.  Argon  gas  which  was  passed 
through  the  furnace  was  purified  by  passing  through 
magnesium  perchlorate  to  remove  moisture  and 
over  titanium  sponge  at  600-700  * C  to  remove  oxygen. 

The  melt  consisted  of  mixtures  of  KC1,  LiCl  and  NaCl . 
Titanium  was  introduced  by  adding  solid  TiCla .  It  was 
allowed  to  equilibrate  with  titanium  metal  in  the  form  of 
sheet  which  was  present  in  the  melt,  according  to  the 
heterogeneous  reaction: 

2  TiCla  +  Ti  -  3  TiClt  (  1  ) 

The  total  titanium  chloride  content  in  the  melt  was 
determined  by  atomic  absorption  spectrophotometry  of  melt 
samples  dissolved  in  acidic  aqueous  solutions.  The 
temperature  of  the  melt  was  varied  in  the  range  450-850 
■-''C.  Three  different  cathode  materials  were  tested; 
stainless  steel,  tungsten  and  iron.  The  anode  materials 
were  titanium  and  carbon  (spec.  pure)  and  the  reference 
electrode  was  a  titanium  rod  (or  a  platelet). 

The  electrode  reactions  were  studied  using  linear 
sweep  voltammetry,  chronoamperometry  and  constant  current 
electrolysis .  The  measurements  were  carried  out  with  a 
PAR  Model  173  poten t iostat/ga 1 vanos tat  with  an  IR 
compensation  unit  and  a  PAR  Model  175  universal 
programmer.  Glow  responses  were  measured  by  a  x  y  recorder 
whereas  fast  responses  were  recorded  and  stored  on  a 
Nicolet  Explorer  III  A  oscilloscope. 


RESULTS  AND  DISCUSSION 
Voltammetric  Studies. 

Linear  sweep  voltammetric  curves  were  recorded  at 
speeds  ranging  from  0.001  V/s  to  1  V/s  (in  extreme  cases 
up  to  75  V/s) .  A  vol tammogram  recorded  in  the  lower  range 
of  sweep  rates  is  shown  in  Figure  1  The  deposition 
reaction  took  place  at  a  more  negative  potential  than 
expected.  Although  the  cathode  peak  had  a  lower  peak 
current  than  the  3nodic  peak,  the  ratio  of  cathodic  to 
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anodic  charges  daring  a  fall  cycle  is  close  to  unity. This 
indicates  that  deposition  of  titanium  metal  (insoluble 
product)  and  stripping  of  the  same  (soluble  product)  was 
taking  place.  In  certain  cases  the  cathodic  charge 
exceeded  the  anodic  charge,  prcbably  due  to  the  background 
current  or  nucleation  or  pre-peak  reactions.  The  values  of 
the  cathodic  peak  potential,  the  cathodic  half  peak 
separation  and  the  total  peak  separation  were  considerably 
higher  than  the  theoretical  values  for  purely  diffusion 
controlled  processes,  indicating  some  irreversibility  of 
the  system  Ti(II)/Ti. 

The  zero  current  potential  with  respect  to  the 
titanium  reference  electrode  occurred  in  the  range  from 
+10  to  +100  mV  when  operating  between  the  potential  limits 
shown  in  Fig.l  (-250  to  +150  mV).  When  the  potential  scan 
was  extended  to  more  positive  limits,  the  diagram 
exhibited  a  new  and  rather  broad  anodic  peak,  represented 
by  wave  (B’)  in  Figure  2.  The  peak  current  of  this  wave 
( E ’ )  increased  when  the  charge  transferred  in  the  wave 
(A')  was  increased  by  depositing  more  titanium  metal 
cathodically  arid  then  reoxidizing  it.  An  increase  in  the 
cathodic  current  in  a  broad  range  (B)  was  also  observed. 
As  shown  in  Fig. 2,  the  peak  potential  of  (A)  shifted  to 
more  negative  potentials  in  the  third  cycle.  The  process 
that  takes  place  during  the  upper  part  (anodic  potentials) 
of  the  diagram  is  probably  the  oxidation  of  Ti;II)  to 
Ti(III)  (at  B’),  with  the  corresponding  reduction  back  to 
Ti(II)  at  (B) .  This  process  seems  to  be  rather 
irreversible,  as  shown  by  the  extensive  broadening  of  the 
waves.  A  significant  cathodic  pre-shoulder  sometimes 
occurred  at  a  potential  of  -50  mV.  Figure  3  shows  more 
distinct  waves  for  (B)  and  (B’),  probably  caused  by  a 
higher  content  of  TiCl3  in  the  bulk  of  the  melt. 

Plots  of  the  cathodic  peak  current  of  peak  (A)  vs. 
the  square  root  of  the  sweep  rate  were  linear,  but  they 
exhibited  positive  intercepts  These  plots  indicated  pure 
diffusion  control  and  did  give  some  indication  about  slew 
nucleation  taking  place  prior  to  the  deposition  peak.  The 
results  of  the  voltammetric  studies  show  that  in  the 
presence  of  Ti(III)  the  metal  deposition  reaction  occurs 
in  two  steps. 

Potential  Step  Amnerometrv  Studies. 

Figure  4  shows  transients  typical  of  a  diffusion 
controlled  process.  Linear  I-t  1/2  relations  were 
obtained.  As  the  steps  were  increased  to  an  overpo tent ial 
jf  about  -300  mV,  3  significant  change  in  the  I-t 
transients  occurred,  as  shown  in  Figure  5  After  the 
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initial  double  layer  charging  the  current  dropped  to  a 
minimum  and  then  rose  with  time.  At  even  more  negative 
overpotentials  the  current  still  passed  through  a  minimum, 
and  then  attained  a  maximum  before  finally  decaying  in  the 
usual  way  with  time.  This  behavior  indicates  that  nucle- 
ation  and  growth  phenomena  play  a  part  in  the  overall 
deposition  process.  Such  behavior  was  difficult  to  detect 
below  about  590  °C  and  at  concentrations  lower  than  a  few 
weight  percent  TiCls.  After  every  run  the  deposited 
titanium  was  removed  from  the  surface  by  polarizing  the 
working  electrode  anodically.  The  rising  part  of  the  I-t 
transients  obeyed  an  I  vs.  t’/2  linear  relationship  which 
shows  that  instantaneous  nucleation  of  titanium  occurs  on 
a  stain’  'ss  steel  surface. 

Diffusion  Coef f icients . 

For  the  determination  of  diffusion  coefficients  the 
melt  was  equilibrated  with  a  large  titanium  sheet  to 
ensure  that  equilibrium  (1)  was  established.  In  the 
calculation  it  was  assumed  that  all  TiCla  was  converted  to 
TiCl2 .  The  diffusion  coefficients  were  determined  from 
voltammetric  and  potential  step  measurements  at  relatively 
low  concentrations  (1.0*10‘4  mol/cm3).  From  linear  plots 
of  vl vs.  ip  and  t"1/2  vs.  ii  i  m  the  value  of  Dr  i  <  I  I  )  was 
calculated  to  be  1.1*10-5  cm2 /s  in  KCl-LiCl  eutectic  at 
456  <=C  for  both  methods.  The  temperature  dependence  of  the 
diffusion  coefficients  showed  a  linear  relationship 
between  logD  and  1/T  for  both  voltammetric  and  potential 
step  measurements.  The  diffusion  coefficients  determined 
from  the  voltammetric  studies  increased  more  rapidly  with 
temperature,  mainly  due  to  a  rise  in  the  background 
current.  This  could  be  corrected  for  in  the  potential  step 
measurements,  and  the  activation  energy  of  diffusion  was 
calculated  to  be  about  50  kJ/mol  from  Fig. 6.  (Uncorrected 
voltammetric  measurements  gave  about  70  kJ/mol). 


During  “long  time  electrolysis  (2  -  20  hrs )  titanium 
metal  was  deposited  at  the  cathode  while  the  titanium 
anode  dissolved-  The  cathode  was  a  stainless  steel  rod  of 
6  mm  diameter  and  about  2.5  cm2  surface  area.  The  rods 
were  pretreated  by  wet  rubbing  with  waterproof  emery 
paper  (silicon  carbide  plOOOB).  After  a  run  the  cathode 
was  replaced  by  a  new  rod  without  admitting  air  to  the 
system.  Most  of  the  experiments  were  carried  out  at 
current  densities  between  20  and  400  mA/cm2. 


Results  of  visual  inspection  of  the  deposited  metal 
are  given  in  Table  1  These  data  might  be  summarised  as 


follows  concerning  the  effect  of  melt  composition  and 
temperature : 

KCl-LiCl  eutectic,  450  ®C  :  small  crystals,  low 

coverage . 

KCl-LiCl  eutectic,  830  °C  :  larger  crystals  (than 

above),  better  coverage. 

KCl-NaCl  eutectic,  700  °C  large  crystals,  good  adhe¬ 
rence  and  good  coverage. 

NaCl  850  oc  :  large  crystals,  good  adhe¬ 

rence  and  low  drag-out 
ratio . 

LiCl-KCl -NaCl  (20:40:40  mol%),  630  oC  : 

poorly  reproducible  results. 

In  KCl-LiCl  at  450  °C  it  was  observed  that  an  initial 
current  pulse  of  up  to  400  mA/cm2  for  a  few  seconds 
resulted  in  a  considerably  better  coverage  on  the  cathode. 

The  current  efficiency  was  usually  low,  i.e.  no 
better  than  about  30%.  At  the  highest  current  densities 
the  current  efficiency  sometimes  reached  90%.  Experiments 
with  KCl-NaCl  at  750  -C  indicated  better  current 
efficiency  than  at  700  ^C.  The  reproducibility  of  current 
efficiency  determinations  became  poor  after  a  period  of 
one  week  using  the  same  melt.  The  lack  of  repro¬ 
ducibility  was  usually  observed  for  the  kinetic  experi¬ 
ments  as  well  if  the  measurements  lasted  for  more  than  one 
week . 

Appreciable  amounts  of  blackish  powder  and  flakes 
were  formed  in  the  melt  during  the  experiments.  It  tended 
to  settle  at  the  bottom  of  the  cell  and  to  deposit  on  the 
walls.  It  was  identified  by  x-ray  analysis  as  titanium 
with  some  oxygen  in  the  lattice.  This  dark  product  has 
been  reported  earlier  by  Baboian  et  al .  (5)  and  by 

Straumanis  and  Chiou  (6)  who  identified  it  as  being  TiQx 
(~TiOo.iS8)  initially  which  later  was  oxidized  to  TIC  and 
Ti02  in  the  presence  of  oxygen.  The  oxygen  might  originate 
from  the  salt  itself,  from  the  walls  of  the  cell  or  it 
could  be  introduced  during  replacement  of  the  cathode. 

In  the  electrowinning  of  titanium  an  inert  chlorine 
evolving  anode  will  be  used.  In  experiments  using  a 
graphite  anode  for  chlorine  evolution  it  was  observed 
that  the  anode  chamber  was  free  from  black  deposits.  In 
the  beginning  of  the  experiment  the  anolyte  acquired  a 
bluish  color  which  is  indicative  of  Ti(III)  and 
subsequently  a  yellow  color  due  to  chlorine.  The  melt  in 
the  cathode  chamber  was  greenish,  typical  of  Ti(II).  A 
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cathodically  polarized  nickel  diaphragm  was  used  to 
separate  the  two  chambers. 


REFERENCES 


(1) 

Huppertz ,  W .  , 

Electrochem.  Met.  Ind.,  3  (1905)  35 

(2) 

Chassing ,  E  .  , 

Basile,  F.  and  Lorthoir,  G. , 

J.  Appl .  Electrochem.,  JJ.  (1981)  187 

(3) 

Burgess ,  J  .  , 

Brown,  G.T  and  Roberts  C.W. , 

J.  Appl.  Chem.,  (3  (1958)  6 

(4  ) 

Ginatta  ,  M.V. 

,  Method  of  Producing  Metals  by  Catho¬ 

dic  Dissolution  of  Their  Compounds  .  " 
US.  Patent  4,400,247,  Aug. 23,  1983 

(5) 

Baboisn ,  R . L . 

,  Hill,  D.L.  and  Bailey,  R.A., 

Can.  J.  Chem.,  43  (1965)  19" 

( 6  i 

Straumani a ,  M 

E  and  Chi  on,  Ch .  , 

2.  Elekt rochem . ,  62  (1958)  201 

781 


Figure  1.  Cyclic  Voltammogram  at  a  Tungsten  Electrode 
during  the  Reduction  of  Ti(II)  (A)  and  the  Oxidation  of  Ti 
(A’l  in  KCl-LiCl  Eutectic  at  456  °  C .  Sweep  Rate'  5  mv/s, 
Electrode  Area  0.4  cm2,  Concentration  of  TiCl2:  1. 0*10  4 
mol/cm^  . 


E  /  mV 

Figure  2.  Repeated  Voltammograms  on  a  Tungsten  Electrode 
with  Increasing  Upper  Limit  (more  anodic)  in  KCl-LiCl 
Eutectic  at  456  °C.  The  Same  Conditions  as  in  Fig.l. 


783 


E  /  mV 


Figure  3.  Voltammogram  Showing  the  Same  Waves  as  in 
Fig. 2.  Tungsten  Electrode  With  Surface  Area  0.40  cm-  at 
450  ‘C.  LiCl-KCl  Eutectic.  Total  Titanium  Content  Calcu¬ 
lated  as  TiClz  (3. 2+10- 4  mol/cm3).  Sweep  Rate  100  mV/s. 


Figure  4 . 
Potential 
for  the 
KCl-LiCl 
Potential 


Cathodic  Current  vs.  Time  Obtained  at  Different 
Steps  (Potentials  are  Indicated  on  the  Curves ) 
Deposition  of  Ti  on  Tungsten  (0.45  cm2)  in 
Eutectic  with  0.7  wt%  TiCl2  at  511  »C.  Initial 
+30  mV. 


Figure  5.  Potentiostatic 
Current  Transients  for 
the  Electrodeposition  of 
Titanium  on  Stainless 
Steel  (0.45  cm2)  in 
KCl-LiCl  Eutectic  with 
4.0  wt%  TiCl2  at  602 
°C.  (Potentials  are 
Indicated  on  the  Curves). 
Initial  Potential  +10  mV. 


Figure  6.  The  Logarithm 
of  the  Diffusion 
Coefficient  of  TiCl2 
vs.  the  Inverse  Tempera¬ 
ture  in  the  Range  456-598 
°C.  Tungsten  Electrode. 
KCl-LiCl  Eutectic  With 
1.0*10-4  mol/cm3  TiCl2 . 
Potential  Step  Measure¬ 
ments  . 
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ABSTRACT 


The  good  electrical  conducting  compounds  of 
alkali  vanadium  bronze  and  the  layered  vanadyl 
phosphate  were  obtained  from  molten  L  i  V  0  3  ■* 
k4P207  and  V205  +  li3PQ4  systems  by  electrol¬ 
ysis.  The  experimental  conditions  of  electrol¬ 
ysis  were  determined  from  the  re«ults  of 
cathodic  polarization  curves  and  cyclic  voltui- 
mograins  of  melts  at  700-800°C.  The  single 
crystals  Obtained  were  LixV2D5  and  LixV0PD4  and 
showed  semiconducting  behavior.  The  activation 
energies  were  calculated  from  the  linear 
dependence  of  electrical  resistivity  on  the 
t  e  m  p  e  r  a  t  u  r  e . 


INTRODUCTION 


The  lithium  vanadium  bronzes  (LixV20s)  have  attracted 
much  attention  because  of  their  electricl  properties.  The 
B-LixV205  ( i) .  Z2<x  <0 . 62)  shows  one  -  d  i  men  s  i  o  na  1  ion  conduc¬ 
tivity  because  li+ion  resides  in  tunnels  of  the  distorted 
V2  0-  lattice.  They  may  be  of  use  for  the  cathode  of  a 
lithium  cel  1  [  1  ] .  The  lithium  vanadium  bronzes  have  a,  ?, 
and  y  phases  depending  on  the  amounts  of  Li+ion  they 
contain.  The  vanadium  bronzes  have  been  synthesized 
mainly  by  solid  state  sintering  of  V,  05  ,  V_,  03  and  MV03 
mixtures,  but  the  Czochralski  method  has  been  reported  for 
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8  phase  sodium  vanadium  bronze[2]. 

Electriucal  crystallization  from  molten  salts  is 
advantageous  in  that  the  compounds  having  unstable  atomic 
valence  state  can  be  synthesized  at  elevated  temperature. 
This  is  because  the  electrical  techniques  facilitate 
control  of  the  atomic  valence  state  through  oxidation-re¬ 
duction  reactions  on  the  electrodes.  A  limited  number  of 
compounds,  such  as  sodium  tungsten  bronze,  NaB6  ,  and 
molybdenum  bronzes  have  been  synthesized  using  molten  salt 
el  ec  t  r  ol  y  s  i  s  [  3- 5]  .  The  8-LixV205  crystals  were 
synthesized  from  molten  sulfate  and  carbonate  melts  by 
el ec t  rol y s  i  s [ 6]  . 

In  this  report,  attempts  were  made  to  synthesize  g 
Li  V205  using  molten  salt  electrolysis  from  vanadate  and 
phosphate  melts.  In  addition,  the  synthetic  conditions 
needed  and  the  properties  of  vanadyl  phosphate,  which  was 
formed  during  the  electrolysis  of  molten  vanadate  and 
phosphate  baths,  were  investigated. 


EXPEB  1  MENTAL 


The  systems  of  liV03  +  K4 p2  07  ,  KVO,  +  KuP2  07  ,  LiV0?  + 
Li3P04  and  V2 05  +  L i 3  P  0^  were  used  as  the  electrolytic 
baths.  The  electrolytic  cell  was  constructed  with  a 
Mullite  tube  with  one  end  sealed  (dia.  8  cm,  depth  40  cm), 
and  a  copper  flange,  which  was  water-cooled  to  protect  its 
rubber  0  ring  seal.  Approximately  200  g  of  molten  salt 
was  placed  in  the  Pt  crucible  (dia.  5.5  cm,  depth  12  cm), 
and  a  Pt  wire  (dia.  0.5  mm)  was  used  as  the  cathode,  a  Pt 
wire  (dia.  0.5  mm)  or  a  glassy  carbon  rod  (dia.  5  mm)  was 
used  as  the  anode  and  a  Pt  wire  (dia.  0.5  mm)  was  used  as 
the  reference  electrode.  They  were  inserted  into  the 
molten  electrolytic  bath  and  held  at  1  cm  below  the  melt 
surface.  Prior  to  electrolysis,  the  cyclic  v o 1 t ammog r ams 
were  recorded  in  order  to  find  the  ox i d a t i on - redu c t i on 
potential  of  vanadyl  ion  in  the  melt  using  a  Hokuto  Oenko 
model  HA301 . 

The  electrolysis  was  carried  out  at  600-800  °C  with 
constant  current  or  constant  voltage  in  an  atmosphere  of 
N2  gas.  At  the  end  of  the  electrolysis,  the  cathode  was 
raised  above  the  melt  and  the  crystals  formed  were 
recovered  from  the  electrode  surface.  The  products. 


787 


containing  impurities  like  the  solvent,  were  washed  with 
acids  and  distilled  water.  In  the  case  of  the  products, 
which  were  deposited  not  on  the  cathode  but  in  the 
electrolyte,  the  melt  was  cooled  to  a  solid,  and  then  the 
solvent  was  removed  by  washings  to  obtain  the  crystals. 

The  electrical  resistivity  was  measured  in  the  range 
of  room  temperature  to  400  °C  by  using  a  complex  impedance 
method  . 


RESULTS  AND  DISCUSSION 


Cyclic  Volta  nun  ogram 

The  cathodic  polarization  curves  of  i.  i  VO,  +  K4P207 
(33  mol%)  melt  at  650  °C  are  shown  in  cigure  1,  The  peak 
at  -0.6V  could  be  assigned  to  the  reduction  of  V^+  to  V  4  ‘ . 
This  value  corresponds  to  the  value  of  -0,36  V  for  L’2S0H 
+  LiVOj  melt  and  -0.4  V  for  M2 S04  +  L i V 03  melt  already 
reported[6].  The  reduction  potent’ a  1  of’ the  phosphate 
bath  was  slightly  negative  of  the  sulfate  bath. 

Cyclic  vo 1 1 ammog rams  of  the  phosphate  melt  ( L i V 0 3  + 

K4  P2 07  )  are  shown  in  Figure  2.  The  potential  was  scanned 
between  -1.2  V  and  1.2  V.  The  scan  rates  were  applied 

both  at  100  mV*1  (curve  a)  and  300  mV*1  (curve  b).  From 
Figure  2,  it  was  observed  that  the  reduction  potential  at 
the  rapid  scan  was  -0.7  V  compared  to  -0.6  V  at  lower 
rate,  and  the  current  was  increased.  Similar  potential 
changes  depending  on  the  scan  rate  were  observed  in  the 
KV03  +  K4P207  melt  at  750  °C  such  as  -9.5  V  at  100  mV/s, 
-10.0  V  at  300  mv/s,  -10.8  V  at  600  mV/s  and  -1.5  V  at 
1000  mV/s.  The  potential  changes  dependence  on  the  scan 
rate  i  *>  this  study  seemed  to  show  that  chemical  reactions 
followed  the  charge  transfer  on  the  cathode[7].  Also,  the 
linear  relation  between  the  reduction  peak  current  and  the 
square  root  of  the  scan  race  was  obtained  in  KVO,  +  K4P207 
melt  at  750  °C  and  is  shown  in  Figure  3.  From  these 
results,  the  formation  mechanism  of  vanadium  tjjjonzes  was 
postulated  to  be  charge  transfer  to  produce  V  followed 
by  reaction  with  species  containing  Li+  ion  in  the  melt. 

It  was  confirmed  that  the  diffusion  was  rate  determining 
for  the  cathodic  reaction. 

The  anodic  polarization  curve  of  Li V0,  +  Ku P2 07  melt 
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at  650  °C  showed  a  peak  at  +0.2  V.  This  peak  seemed  to  be 
the  oxidation  dissolution  of  the  vanadium  bronze,  which 
was  formed  by  the  cathodic  polarization  and  in  contrast 
the  dissolution  potentials  for  other  melts  were  -0.15  V 
for  L  i  V  03  +  Li2S04  melt  and  -0.2  V  for  L  i  V  0  3  +  M,S04 
melt.  From  these  results,  the  vanadium  bronzes  formed  by 
electrolysis  seemed  to  be  more  stable  in  the  phosphate 
melt  than  in  the  sulfate  melt.  Also,  these  results 
suggest  the  kinds  of  electrolytic  baths  that  should  be 
chosen  to  obtain  b  -  vanadium  bronze. 

C  rystal _ Deposition 

The  experimental  conditions  and  results  are  summar¬ 
ized  in  Table  1.  It  was  observed  that  the  crystals  were 
deposited  on  the  cathode  easier  in  the  phosphate  melt  than 
in  the  sulfate  melt.  Also,  the  crystals  of  e  -vanadium 
bronze  were  obtained  easily  from  Li3P04  +  V2 05  melt 
compared  with  non - pho s pha t e  melts.  The  formation  reaction 
of  vanadium  bronze  accompanying  the  formation  of  vanadyl 
phosphate  (V0P04  )  from  the  melt  containing  phosphate  ion 
is  believed  to  be  as  shown  in  the  following  equation: 

(  6  t-x  )  V,  0c  +  2xLi3P0  . > 

6Li x V2  05  +  2xV0P04  +  3/2x02  (1) 

When  lithium  me t a - va nada te  was  used  for  the 
electrolytic  bath,  the  formation  reaction  of  vanadium 
bronze  was  estimated  by  the  following  equation[6]. 

(  1  -  x/ 2  )Va  05  +  x  L  I V03  . >  LixV2  05  +  x/4  92  (2) 

When  the  electrolysis  of  phosphate  melts  was  carried 
out  at  800  °C  for  9  hours  with  a  constant  voltage  of  1.5 
V,  the  crystals  obtained  were  2  cm  (length)  x  0.8  cm 
(width)  x  0.2  cm  (thick)  and  trigonal  prism  shaped. 
However,  the  crystals  obtained  from  Li V0,  +  V2  0 5  melt  were 
plate-like  in  shape  and  appeared  as  needles.  The  crystal 
habits  were  changed  by  the  melt  composition.  When  we 
continued  to  electrolyze  the  phosphate  melt  (Li,P04  +  99.1 
V205),  the  concentration  of  oxide  ion  in  the  melt  was 
decreased  through  the  evolution  of  oxygen  gas  at  the 
anode,  and  then  V0,+  and  P0, '  were  formed  these  ions 
combined  to  form  V0P04  at  the  anode  according  to  the 
following  equations: 


Vi°5  - 

- > 

VO,  -  + 

VO,  + 

(3) 

A:  - 

- > 

V  02+  4 

o2- 

(4) 

po43-  - 

-  -  -> 

P03  -  4 

o2  - 

(5) 

V02+  +  POj  - 

- > 

V0P04 

(6) 

Formation  of  LixV0P0,,  with  the  layered  V0P04  i  n  t  e  r  c  a  1  a  t  i  n  g 
the  Li  +  ion  in  the  melt  seemed  to  be  favored. 

Electrical _ Resistivity 

Electrical  resistivities  were  measured  in  the  range 
12-450  °C  for  the  6  -Li  V2  05  [x=0.25,  0.30)  and 

L  i  0 . 68  V0PO,(  .  The  resistivities  were  of  the  order  of  1  04  rj 
•  c  in ‘for  s  -Lif)>25V2r)S’  -  -cm  for  6  -Lioi-jV?0„,  and  30 

fi  • cm  for  L  i  0  _  ^  ^  V  OP  0^  at  room  temperature.  'At  higher 
temperatures,  the  electrical  resistivities  were  lowered  to 
50  n  -cm,  25  a  -cm  2  a  .cm,  at  350  °C  ,  respectively. 

These  compounds  showed  typical  semiconducting  behavior. 

The  resistivities  were  linearly  temperature  dependent. 
Their  activation  energies  were  0.35,  0.19  and  0.12  e V , 
respectively.  The  reason  why  the  resistivity  of  lithium 
vanadyl  phosphate  was  lower  than  that  of  the  other 
vanadium  bronzes  could  be  due  to  the  difference  of  the 
lithium  content  because  these  compounds  have  the  layered 
structure. 
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Figure  1.  Cathodic  Polarization  Curve  of 
L1VO3  +  K4P207  melt  at  650° C. 


figure  2.  Cyclic  Voltammograms  of  LiV03  +  K^P20 
at  657°C.  Scan  Rate  (a) lOOmV/sec , (b) 300mV/sec 
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"V  (vir-V/sec) 

Figure  3.  Relationship  between  Peak  Current (I  ) 
and  Squre  Root  of  Scan  Rate(/J7)  in  Cyclic  Volt- 
ammograms  of  KVO3  +  K4P20y  at  750  C. 
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Table  1.  Experimental  Conditions  and  Results 


Electrolytic  bath 
( C  o  m  i>  o  s  i  t  ion) 


Condi t i o  n s 


Tempera! ure 

("C  ) 


Voltage 

<V) 


Crystals 
o  1>  t  a  i  n  e  il 


LiV0i*K»Ps0r  700  1.2  r  -Li . V. C 

()t.  5mnU)  (I'd!  1.2 

1.  i  V  0  !  7  S  a  i  P ;  0  ? 


(25.  Omo  1 1! ) 


NaV0i*Na«PeU^ 

(  2  5  .  II  nt  o  1  X  ) 


K  V  0  3  ♦  K  4  P  2  0  1 

(25.  0  m  o 1 X  ) 


1.  i  V  0  3  i  L  i  ,  P  0 « 

( 1  ti .  7  mo  1  \  ) 


LijPO»+VsOs 

( 0 1> .  7  m  o  1  %  ) 


Li  > P  0  4  t  V ! 0  s 

( Q  1.1 .  o  m  o  1  X) 


SMOOTH  ELECTRODEPOSITS  OF  MOLYBDENUM  FROM 
KF-B203-Li2Mo04  MELT 

Koichiro  Koyama  and  Yasuhiko  Hashimoto 

Department  of  Metallurgy  and  Materials  Science,  Himeji 
Institute  of  Technology,  2167  Shosha,  Himeji 
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ABSTRACT 


Adherent  and  visually  smooth  deposits  of 
molydenum  have  been  electrolyt ical ly  deposited  on 
copper,  nickel,  molybdenum,  and  graphite  sub¬ 
strates  in  a  KF-B203-Li 2Mo04  melt  at  temperatures 
in  the  range  1023-1173  K  and  current  densities  in 
the  range  110-880  Am-2.  The  use  of  a  graphite 
anode  also  gave  a  smooth  deposit  of  molybdenum 
although  its  hardness!  Hv:  274  at  200  g  load)  was 
higher  than  that!  Hv:  157  at  200  g  load)  of  the 
deposit  obtained  when  using  a  molybdenum  anode. 


INTRODUCTION 

Molybdenum  metal  has  good  physical  properties  at  high 
temperatures  and  excellent  corrosion  resistance  against 
molten  salts,  especially  against  su  1  f u r-cont a i ni ng  molten 
salts(l) .  However,  it  is  very  expensive  and  is  difficult  to 
fabricate.  Therefore,  it  is  a  good  idea  to  coat  an 
inexpensive  metallic  substrate  with  molybdenum  metal  or  to 
obtain  molybdenum  metal  in  the  form  of  a  sheet  or  rod. 
Previous  papers  have  revealed  that  visually  smooth  coatings 
of  molybdenum  can  be  obtained  elect ro 1 yt i ca 1 ly  on  metal 
substrates  such  as  copper  and  nickel  substrates  in 
KF-B2O3-M0O3,  KF-B203-Na2Mo04 ,  KF-B203-K2Mo04,  KF-Li 2- 
B407-Li 2Mo04,  KF-Na2B407-Na2Mo04,  KF-K2B407-K2Mp04  and 
KF-Na2B407-K2Mo04  salt  melts(2-8).  Analogous  to  these 
melts,  a  KF-B203-Li 2Mo04  melt  was  expected  to  give  visually 
smooth  coatings  of  molybdenum.  Thus,  this  work  was 
undertaken  to  study  the  electrodeposition  of  molybdenum  in 
a  KF-B203-Li 2Mo04  melt  and,  in  particular,  to  determine  the 
ranges  of  bath  composit ion,  temperature  and  current  density 
that  give  a  visually  smooth  and  adherent  deposit  of 
molybdenum.  This  salt  was  found  to  give  molybdenum 
deposits  with  lower  hardness  than  that  of  commercially 
available  molybdenum  metal.  The  literature  on  the 
electrodeposition  of  molybdenum  from  fused  salts  has  been 
reviewed  in  a  previous  paper(2). 
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EXPERIMENTAL 


Figure  1  shows  schematic  diagrams  of  the  electrolytic 
cell  assemblies.  The  preparation  of  electrodes  were  the 
same  as  described  previously ( 7 ) .  The  fused  salts  were 
prepared  from  KF (guaranteed  reagent  grade),  B2O3 (guaranteed 
reagent  grade)  and  Li2Mo04<99%  purity).  The  method  for 
preparation  of  the  bath  was  also  the  same  as  described 
previously ( 7 ) .  The  electrolysis  was  carried  out  at 
constant  current  densi t ies ( 1 1 0 ,  220,  330,  440,  550,  660, 
770,  880  and  990  Am-2)  ancj  at  constant  temperatu res  ( 99 8  , 
1023,  1073,  1123,  1153  and  1173  K).  The  procedures  for 
electrolysis  and  the  examination  of  electrodeposits  were 
also  the  same  as  described  p re v i ous 1 y ( 7 ) .  The  current 
efficiencies  were  calculated  rrom  the  changes  in  the  mass 
of  electrodes  by  assuming  the  anodic  dissolution  of  Mo6+ 
and  the  cathodic  deposition  of  Mo  from  Mo^+. 


RESULTS  AND  DISCUSSION 

1)  Effects  of  bath  composition  on  the  molybdenum  deposition 

To  determine  the  optimal  bath  composition  range,  which 
gave  a  visually  smooth  deposit  of  molybdenum,  15  different 
baths  were  used  for  the  electrolysis.  Figure  2  shows  the 
results  of  the  visual  examination  and  X-ray  diffraction 
analysis  for  the  electrodeposi cs.  The  KF-Li2Mo04  binary 
baths  of  series  I  and  II  gave  no  cathodic  deposit  of  molyb¬ 
denum  metal  nor  of  a  molybdenum-containing  compound.  The 
addition  of  B2O3  to  the  KF-Li2MoC>4  binary  baths  of  series  I 
and  II  gave  visually  smooth  deposits  of  metallic  molyb¬ 
denum  without  dendrites  at  the  edges  of  the  substrates. 
However,  the  addition  of  a  large  amount  of  B2O3  resulted  in 
the  deposition  of  powdery  molybdenum  or  a  black  matter. 
Figure  3  shows  the  X-ray  diffraction  pattern  of  the  black 
matter.  This  matter  was  composed  of  M0O2  and  the  unknown 
compound  A,  which  has  been  described  in  a  previous 
paper(3).  On  the  other  hand  in  series  III  the  addition  of 
B2O3  to  the  KF-Li2Mo04  binary  bath  did  not  give  a  deposit 
of  metallic  molybdenum,  but  gave  a  codeposit  of  M0O2  and 
the  compound  A. 

Figure  4  shows  the  variation  in  cathode  current  effi¬ 
ciency  with  the  concentration  of  B2O3.  The  cathode  current 
efficiencies  were  almost  100  %  when  molybdenum  metal  was 
deposited . 

Figure  5  shows  the  variation  in  anode  current 
efficiency  with  the  concentration  of  B2O3.  The  anode 
current  efficiencies  were  almost  100  %  except  for  the 
KF-Li2MoC>4  binary  melts. 
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Figure  6  shows  the  variation  in  cell  voltage  with  the 
"'incentration  of  B2O3.  The  cell  voltage  varied  with  the 
conce.itration  of  B2O3  in  a  way  similar  to  that  in  the  other 
KF-borate-moiyhdate  systems  reported  previ ous 1 y ( 2-8 ) . 

2)  Effects  of  bath  temperature  and  current  density  on  the 
molybdenum  deposition 

To  study  the  effects  of  bath  temperature  and  current 
density  on  the  molybdenum  deposition,  a  KF 1 ov) -B2O3- 
( 1 0 ) -Li 2M0O4 ( 1 0  mol%)  bath  was  selected  as  a  represent¬ 
ative  bath  because,  as  can  be  peer  from  Fig. 7,  it  had  tm- 
lowest  melting  point (926  K)  among  the  baths  that  gave 
smooth  deposits  of  molybdenum  under  the  electrolytic 
conditions  described  above.  Table  1  lists  the  electrolytic 
conditions  used  and  the  results  obtained.  The  lowest 
temper al ui c  wh’^h  aave  a  visually  smooth  deposit  without 
dendrites  at  the  edges  rue  ^ubst-ate  was  1023  K(750°C). 

The  upper  limits  of  the  cathode  current  density  that 
gave  visually  smooth  deposits  without  dendrites  at  the 
edges  of  the  substrates  were  330  A  at  1023  K, 

550  A  m"l  at  1073  K,  770  a  m_-’at  1123  and  880  A  at 
1173  K.  Figure  8  shows  the  comparison  of  these  values  with 
those  of  the  other  KF-borate-molybdate  systems  reported 
previous ly ( 3-8) ,  indicating  that  the  present  system  is 
superior  to  the  other  KF-borate-molybdate  systems  with 
regard  to  the  upper  limit  of  the  cathode  current  density  at 
low  temperatures. 

3)  Deposition  of  molybdenum  on  different  substrates 

Copper,  nickel,  molybdenum,  stainless  steel (SUS304) , 
mild  steel (S20C)  and  graphite  were  tested  as  substrate 
materials.  All  the  deposits  were  visually  smooth  without 
dendritic  formation  at  the  edges  of  the  substrates.  The 
deposits  were  of  columnar  structure,  and  firmly  attached 
to  the  copper,  nickel,  molybdenum,  and  graphite  substrates. 
In  the  case  of  the  stainless  steel  and  mild  steel 
substrates,  the  adherence  was  good  in  appearance,  but  a 
black  matter,  which  looked  like  an  oxide  under  an  optical 
microscope,  was  present  here  and  there  at  the  interfaces  of 
the  substrates  and  the  molybdenum  coatings.  However,  when 
the  mild  steel  and  stainless  steel  substrates  were  immersed 
in  the  bath  with  an  applied  voltage,  the  adherence  was 
greatly  improved. 

The  use  of  a  graphite  anode  also  gave  a  smooth  and 
adherent  deposit  on  a  nickel  substrate. 

4)  Hardness  of  the  deposits 

Table  2  lists  the  values  of  the  Vickers  microhardncss 
of  the  deposits  on  the  nickel,  copper,  molybdenum, 
stainless  steel  and  mild  steel  substrates(a  graphite 
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cent  ai  net  was  used).  The  hardness  varied  with  changing 
substrati  -,  indicating  that  the  substrate  metals  somewhat 
diffused  into  the  molybdenum  coatinqs.  Fiaure  9  shows  the 
variation  in  the  Vickers  microhardness  of  the  molybdenum 
deposits  on  the  molybdenum  substrates  with  the  bath 
container  material  and  the  electrolytic  temperature.  The 
hardness  of  the  deposits  'rum  the  uiaphite  container  was  a 
little  hicjht-r  than  that  of  the  deposits  from  the  platinum 
container.  This  fact  indicates  that  the  use  of  a  graphite 
container  only  a  little  contaminates  the  deposits  tint  are 
obtained  from  the  present  fused  salt  system.  Furthermore, 
the  hardness  of  the  deposits  from  the  graphite  container  as 
will  as  the  platinum  container  at  1073  K,  1123  K,  and 
1173  K  was  much  lower  than  the  hardness (Hv: 1 98)  of  a  molyb¬ 
denum  button  that  was  prepared  by  ;  lasma  arc  mol’ing  the 
commercially  available  Mo  sheet  Unit  was  used  as  an  anode, 
while  the  hardness  of  the  deposit  it  a  1<<w  temperature  of 
1023  K  was  comparable  with  that  of  the  tv  1 vbdenuro  button, 
.h” ’-of ore,  it  was  found  that  th>  present  fused  salt  system 
gives  a  .....  l  ybdeeum  deposit  with  hi  oiler  purity  than  or 
purity  comparable  with  that  of  the  commercial ly  available 
molybdenum  metal.  The  hardness  t  ht  deposit  decreased 
with  an  increase  in  electrolytic  tempo**--,’  tre :  foi  the 
oxplanat ion  for  this  fact,  further  investigations  are 
necessary.  Table  3  lists  the  values  of  the  Vickers 
microhardness  of  the  deposits  obtained  at  cliff-  rat  cathode- 
current  densities;  the  hardness  did  net  vary  with  cathode- 
current  density. 

The  value  of  the  Vickers  mi  c  roha  rein*  ss  of  the  deposit 
obtained  at  119  3  p;  when  using  a  graph  i  to  an*  -tic  was  2  7  4  and 
much  higer  than  that (172)  obtained  wh-  n  using  a  molybdenum 
anode  under  otherwise  identical  conditions.  This  is 
probably  due  to  the-  carbon  (MojC)  in  the-  deposits. 


CONCLUSION 

To-  find  a  fused  salt.  giving  a  smooth,  adherent 
deposit  of  molybdenum,  KF-BjOj-I.i gMoOg  fused  salt  baths 
were  subjected  to  electrolysis.  Thi  results  are  summat l zi d 
as  follows: 

(1)  Visually  smooth  deposits  o!  molybdenum  wore 
obtained  from  KF-B2O3-I, i 2M0O4  fused  salt  baths. 

(2)  The  upper  limits  of  the  cathode  current  density 
that  gave  a  visually  smooth  depos i t  in  the  KF-B2O3 ( 1 0 ) -1, 1 j - 
M0O4 ( 1 0  mol  )  fused  salt  bath  were:  330  A  :r at  1  023  K, 
730  A  nr 3  at  1073  K,  770  A  m"-  at  1123  K  and  880  A  n7~  at 
1173  K. 

(3)  The*  adhesion  of  the  smooth  deposits  of  molybdenum 
to  copper,  nickel,  molybdenum  and  graphite  substrates  was 
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very  good. 

(4)  The  Vickers  microhardness  of  the  smooth  deposits 
was  lower  than  or  comparable  with  that  of  rommerc1  a ] 1 y 
available  molybdenum  metal  even  when  a  graphite  crucible 
was  used  as  a  container  of  the  bath. 

(5)  The  use  of  a  graphite  anode  a  1 so  nave  a  smooth 
molybdenum  deposit  although  its  hardness  was  high*' a  that, 
that  of  the  smooth  deposit  obf  i  i  n*  cl  when  using  a  molyb¬ 
denum  anode. 
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Table  2  Vickers  Mi crohardness  of  Deposits  on 
Several  Substrates <  200  g  load? 


Substrate  Mo  Ni  Cu  Stainles  steel  Mill  .»tvei 

Hardness  157  132  185  1  79  IS-* 

Electrolytic  conditions:  Kr-3  jC  3  ( 10)  -Li  2’MoO;* *,  1  0  mol*)  bat::, 
1123  K(850°C),  330  Am--’,  Amount  of  electricity  of  5.b-:0'h 
Molybdenum  anode,  and  Graphite  container. 
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ABSTRACT 


The  behavior  of  tungstate  ion,  such  as  its 
reduction  •'  ’.t-.'nt-  i  a  '  q  n,i  1  i  ssoc i  i  *•  i  on  equilibria 
in  several  molten  halide  systems,  has  been  inves¬ 
tigated,  and  usinq  these  data,  electrodepositinn 
of  tungsten  and  tungsten  carbide  has  heen  con¬ 
ducted.  rhe  reduction  potentials  of  tungstate 
ion  in  a  molten  LiF-KF  eutectic  system  at  R73K 
were  about  0.8V  and  0.3V  (  vs.  Li,K/Li+,K+  ). 

And  dissociation  constant  K  of  the  reaction; 

■>  ^  T  __ 

W04-  =  W ( V I )  +  40 

was  K  =  5  ( +^1  )  x  1  0' 1  ^  (  mole  fraction  unit  ).  Taking 
these  1  if  a  into  consideration,  ‘■ungsten  and 
tungsten  cur-hid*'  ha  v<»  boon  e  1  .'rt  rndenas  i  fe.i  from 
both  molten  fluoride  and  chloride.  The  electro¬ 
deposit  from  the  fluoride  was  dumpy  or  mnssy. 


INTRODUCTION 

In  this  study,  at  first,  oxyanions  of  tungsten,  or 
tunqsten  and  carhnn,  were  dissolved  in  a  molten  LiF-KF 
system,  and  the  i  i ssoc is t ion  constant  and  behavior  of 
oxyanion  were  investigated  by  potential  sweep  methol(l), 
chronopot oriF  i  omotry  (  2  )  and  r  i rron i  a  sensor  mof  hod  (  3  )  (  4  )  . 
Next,  nsi  in  tVc  r- >-vi  1  *■  s  ,  o  ]  ->,'t  *-,sdonoq  i  t  ion  of  tungsten 
metal  and  tungsten  carbide  has  been  conducted.  Tunqsten 
and  carbon  were  added  to  the  molten  salt  as  nxyaninrts 
because  of  their  stability  and  simplicity  of  the 
experimental  procedure. 

In  this  field,  several  experimental  resets  have 
been  reported,  eg.,  e lectrodepos i t ion  of  tungsten  etc. 
from  molten  fluoride  by  Senderoff  et  al.  (5)  (6)  , 

electrodeposition  of  tungsten  bronzes  from  molten  alkali 
polytungstates  by  Meites  et  al.(7),  electrodeposition  of 
tungsten  carbide  from  sodium  tungstate,  graphite  anode 
serving  as  the  source  of  carbon  in  molten  sodium  chlorides 
by  Gomes  et  al.(8),  and  electrodenos i t ion  of  tungsten 


carbide  etc.  from  molten  fluoride  by  Stern  et  al. 
(9)(10)(11).  But  reference  electrode  used  in  these 
studies  didn't  have  stability  and  reproducibility.  So, 
their  results  can  not  be  reqarded  as  standard  reference  in 
considering  electrolytic  conditions  quantitatively.  For 
example,  Ni/NiF.,  electrode,  which  was  used  by  Senderoff  et 
al.,  doesn't  nave  a  stability  because  of  occurrence  of 
Ni/NiO  potential  by  contaminated  oxide  ion.  While 
platinum  electrode,  v;iiich  was  used  by  Stern  et  al.,  lacks 
reproducibility,  as  well  as  thermodynami c  signi f icance. 

So,  in  tilt  r.  str.’v,  to  avoid  sue':.  'i  f  f  icnltjes,  alkali 
metal  electrode  (M:Li,K)(12)  was  used  as  a  reference 
electrode,  which  had  good  reproducibility  and  has 
thermodynamic  significance.  Furthermore,  in  their 
studies,  relation  between  ion  concentrations  and 
morphology  of  ol ect rodepos i t  was  not  considered.  Then, 
to  make  it  clear,  dissociation  constant  of  tungstate  ion 
in  a  melt  was  determined  by  using  a  zirconia-nir  oxide  ion 
indicator.  By  this  experiment,  it  has  become  possible  to 
conduct  el-'i’'  •  .sition  by  monitoring  concentration  of 
oxide  ion  are  i  <  all  other  ions  in  the  melt. 


EXPFRI MENTAL 

Experimental  apparatus  is  shown  in  Fiq.1.  As  an 
electrolyte,  LiF-KF  eutectic  or  LiCl-KCl  eutectic  was 
used.  Then,  it  was  contained  in  a  high  purity  alumina  or 
carbon  or  nickel  crucible,  and  was  dried  under  vacuum  at 
just  under  the  melting  point  for  a  few  days.  At  ter  that, 
it  was  melted  under  an  argon  atmosphere  and  kept  at 
experimental  temperature.  A  nickel  wire  was  dipped  into 
the  eutectic  salt  saturated  with  nickel  oxide  contained  in 
a  mullite  tube  (Nippon  Kagaku  Togyo  Co.,  Ltd.),  which  was 
used  as  a  Ni/NiO  reference  electrode.  As  an  Aq/AgCl 
electrode,  a  silver  wire  was  dipped  into  the  eutectic  salt 
containing  silver  chloride  in  a  pyrex  glass  tube  whose  tip 
was  very  thin.  Moreover,  for  potential  calibration, 
alkali  metal  electrode  M/M  (M:Li,K)(12)  was  used,  for 
which  alkali  metal  was  olectrodoposited  on  the  nickel  wire 
in  molten  salt.  The  electrode  thus  prepared  showed  good 
reproducibility.  As  an  anode,  glassy  cailwv:  was  used, 
and  as  a  cathode,  a  nickel  plate  which  was  placed  inside 
the  alumina  tube  was  used.  Besides,  ■/  .  r  con  ia -a  i  r 
electrode(4)  (Nippon  Kagaku  Togyo  Co.,  Ltd.)  was  used  as 
an  oxide  ion  indicator  or  as  a  reference  «  icctrode. 

After  melting  the  salt,  vacuum  dried  potassium 
tungstate,  or  potassium  tungstate  arid  potassium  carbonate 
of  about  0 . 02'v2 .  Omol%  were  added,  and  the  electro¬ 
deposition  was  conducted  on  th^  cathode  at  823'V973K  with 
current  density  of  20'v500mA/cm  .  The  potential  was  kept 


tnore  negative  than  reduction  '»ot  ent  i  al  ol  tuniKiei  determined 

t  r  oh  '  \jt  ,.u  i  t  I  >  sco  oi  L'ii  . ..  i  if  < .  i.  r> , 

Kir-:,  FSCA ,  IBS  and  X-ray  diffraction  were  usH. 


RKSULTS  AMD  PISCIJSSTOX 


J_ T h e__bq h a  v i _or_ of _ tungstate  i on 

At  first,  the  reduction  potentials  of  tungsten  were 
investigated  hnU)  by  potential  sweep  method  and 

chronopot  e;it  i  oni ‘t  ry ,  A  typical  vol  tamuogr  in  at  973K  i  n  a 
T,ir-KF  is  ;;!io..'n  '  ~  l'ii.2.  71. J..  'inure  was  obf.,inel  when 

O.lmolA  potass j  -in  tungstate  was  a  ided,  and  the  scan  rate 
was  0.3V/soc.  The  peak  indicating  the  reduction  of 
tungstate  ion  can  ho  seen  at  about  n.flv  and  0 . 3v  against 
the  alkali  Total  electrode,  respectively.  And  an  example 
of  chronopotont iogram  is  shown  in  Fin. 3.  Tn  this  case, 
also,  plateau  which  indicates  the  reduction  of  tungstate 
ion  is  observed  at  about  O.Rv. 

Next,  dissociation  constant  K  of  tungstate  ion 
d i ssoci a  t ion , 

K 

W>4'?-  =  W  (VI)  a  402'  11] 


at  B7  3K  in  a  Holton  fluoride,  can  be  do*  or  1  nod  as 
follows:  Equation  (1  1  was  used  as  .a  basis  of  calculation, 
though  there  are  soho  possibilities  .><  part  i  a  i 

dissociation.  After  careful  estimation,  it  was  concluded 
that  the  assumption  of  eq.[1  )  is  satisfactory  enough. 
Then,  from  eg . ( 1  ],  the  dissociation  constant  in  mole 
fraction  unit  is  written  ns 


X  = 


[W(V1 ».  1  i 02'  , ,  ]  4 

bulk  bulk 


[  WO 


[2! 


bu  1  k 


As  the  tungstate  ion  concent  rat i on  (  fWO  ]  )  is 

increased,  the  oxide  ion  concentrat ion  and  4  the  'tungsten 

ion  . . . .  'at  •  si  in,  bulk  vary  according  to  the 

following  equations: 

-.2- 


t°'-K  ,,  ! 

bu  1  k 


[WO, 


hu  1  k 


IO  initial1  *  41W(VI)bulk’ 
=  [  Wf,4  ^  "add  1  *  ‘^'bulk1' 


[3] 

[4] 


Substituting  these  relations  into  eg. [2],  and  using  the 
theoretical  equation 

RT  RT 

r  =  -2.303  — ]Ogf0-hulk]  ♦  2 . 3  0  3  —  1  og  (  1  ♦  K  '  [  CV" “  hu  t  ,  1) 

[hi 
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of  the  zirconia-air  electrode  which  we  derived  before(4), 
the  relation  between  the  potential  of  zirconia-air 
electrode  and  added  tungstate  ion  can  be  deduced.  Here, 
Kq  shows  characteristic  nature  of  the  individual 

zirconia-air  electrode.  While  K'  is  a  constant 

reflecting  deviation  from  the  Uernst  line  at  high  oxide 
ion  concentration.  These  constants  (  called  zirconia 
constants  in  our  previous  paper(4)  )  depend  on  individual 
zirconia-air  electrode,  which  can  be  evaluated  by 
experiments.  Then,  from  the  curve  fitting  similar  to 
that  described  in  our  previous  paper(4),  K  can  be 
determined.  The  alternate  method  for  determining  K  value 
is  to  titrate  definite  amount  of  tungstate 

(  [WO.2  •  i>)  )  with  oxide  ion  (  [o2  )  ). 

4  add (initial)  add 

Oxide  ion,  tungsten  ion  and  turns? at »  ion  concentration 

vary  according  to: 

[°2'bulkl  “  '°2'bulk(initial)J  +‘°2"add1  > '’ <  VI  > dec  1  161 


[W(V1)bulk]  = 

,W,VI !bulk( initial  ) 

1  -(V;(VI,dec1 

[7] 

[W04  bulk1  = 

2  - 

[W04  bulk< initial ) 

1  +(K(VI)dec1 

[8] 

Substituting 

these  relations 

into  eq . [ 2  ]  , 

and  using 

eq . ( 5  )  ,  K  can 

be  determined  by 

computer  curve 

f i tt i na . 

Here,  [WO  2 

9  _  4 

bulk(initial)1. 

[ W <  VI  ) .  . .  ,  .  .  ,  .  ] 

bulk( initial  ) 

and  [0  .  ,,,.  .  .  ,,1  are  deduced  f  rom  eq .  [ 2  )  ,  [ 3  ]  and 
[4].  And,  ( W ( VI  ) cjcc  1  is  a  decreased  concentration  of 

W(VI)  by  addition  of  oxide  ion.  Fig. 4  shows  relation 
between  the  potential  of  zirconia-air  electrode  against 
the  alkali  metal  electrode,  and  the  concentration  of 

tungstate  ion,  where  ri  n  l>"  and  solid  line  show 

experimental  values  aid  calculated  values,  respectively. 
For  the  calculation,  zirconia  constants  of  Ff]  =  ?.17V  (  vs. 

Li,K/Li+,K+  )  and  K'=0,  and  dissociation  constant  of 

- 1  2 

K=5x10  ,  and  the  initial  oxide  ion  concentration  of 

2  -  -  4 

[0  ...  ,]=1.3xl0  mole  fraction  wore  used.  The 

initial 

measured  and  calculated  values  are  very  close  to  cacti 
other  in  a  wide  concentration  range.  Fig. 5  shows 
relation  between  the  potential  of  zirconia-air  electrode 
and  concentration  of  oxide  ion.  Open  circles  show 
experimental  data  when  the  concentration  of  initial 

2  -  -  3 

tungstate  ion  was  [WO^  add  (  i  ni  t  ia  1  )  '  =  1  '  7Rx"1  0  mole 
fraction,  and  solid  line  shows  calculated  values.  For 
the  calculation,  zirconia  constants  of  11^=2. 00V  (  vs. 


Li,K/Li+,K+  )  and  K'=350,  and  dissoc  iation  constant  of 

K=6x10  ,  and  initial  oxide  ion  concentration  of 

[  02  .  . . .  ,  ]  =  4.0x10  ^  mole  fraction  were  adopted.  The 

initial  1 

measured  and  calculated  values  almost  agrer.!  .  And  the 

equilibrium  constants  nst  ima'od  by  t  V-r.o  two  different 

ways  were  almost  consisrent.  From  the  results  of 

several  experiments,  the  dissociation  constant  of  the 

tungstate  ion  in  T.iF-KF  eutectic  melt  has  been  calculated 

to  be  5(jf1)x10'12  at  973K. 

2.  Electrodeposition  of  tungs t en 

Tungsten  was  electrodepos i ted  under  several 

conditions,  in  which  concentrations  of  three  ionic  species 
in  eg.(1)  were  monitored  and  the  reduction  potential  was 
controlled.  Fig.  6  shows  HTT-i  of  sample  electrodeposited 

at  973K,  by  a  current  density  of  50mA/crn2  in  a  Lir-KF, 

containing  1.0mol%  of  K?w04  (  [ W04 2~ ] =6 . 3x1  O'  4 , 

[W(VI ) ] =3. 7x1 0-4 ,  [02_ ) =1 . 7x1 0~3  mole  fraction  ).  In  the 

figure,  mossy  deposit  can  be  seen.  From  EDX  spectrum, 
the  deposition  of  tungsten  could  be  observed.  X-ray 
diffraction  was  clearly  recognized  that  tungsten  metal 
alone  was  deposited.  By  ESCA  and  RBS,  also,  the 
deposition  of  tungsten  was  confirmed. 

3.  Electrodeposition  of  tungsten  carbide 

Fig. 7  shows  a  SEM  sample  electrodeposited  at  973K  by 

2 

a  current  density  of  lOOmA/cm  from  Lir-KF  containing 
1.0mol%  of  K^WO^  and  2.0mol%  of  K^CO^.  in  this  figure, 

uniform  coating  is  observed,  which  main  component  was 
concluded  from  FDX  to  be  tungsten.  ESCA  analyses  show 
that  tungsten  and  carbon  are  contained  in  the  sample. 
X-ray  diffraction  spectrum  is  shown  in  Fig. 8.  From  the 
spectrum,  it  is  clear  that  WC  and  W?C  were  electro¬ 
deposited.  Peak  of  nickel  and  lithium  fluoride  on  the 

spectrum  came  from  the  cathode  plate  itself  and  salt  on 
the  surface,  respectively.  Fig. 9  shows  an  influence  of 
deposition  potential  on  the  morphology  of  deposits. 
Those  samples  in  the  figure  were  all  obtained  by 

electrodeposition  containing  1.0mol%  of  K^WO^  and  1.0mol% 

of  KjCO^  at  97JK  from  LiF-KF,  and  (a)  is  a  sample 

electrodeposited  at  0.8V  against  alkali  metal  electrode, 
while  (b)  and  (c)  are  obtained  at  0.6V  and  0.4V, 
respectively.  X-ray  diffraction  showed  that  they  were 

all  tungsten  carbide.  These  SEM  show  that  the  more  noble 
the  potential  is,  the  more  uniform  become  the  deposits. 
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4.  Electrodeposition  from  molten  chloride 

Elect rodepos i  t  i  on  of  tungsten  and  tungsten  carbide 
from  molten  chloride  was  rlso  conducted  in  order  to  find 
dependence  of  morphology  aid  composition  of  the  deposit  on 
anion  and  on  a  small  amount  of  additive  element  in  a  melt. 
These  results  will  not  be  described  here  for  want  of 
space,  and  will  be  described  in  detail  in  our  separate 
paper  " ELECTROCHEMICAL  REACTION  Of  WO^'  ION  IN  LiCL-KCl 
EUTECTIC  MELT"  appearing  in  this  proceedings. 
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Fig . 1  Fx 
A:  Thermoc 
(M:  - 
E:  Working 
Electrode , 


Fig. 2  Ty 
Conti in i ng 
( . 3V/soc  ) 


logCO  QddJ 

Fig. 5  Potent ia 1  - log [ 0^  addl  Curve  of  Molten 

LiF-KF.  (  K  =  6 :<  1  0 ”  1  2  r  t w04  'add < in i t ia 1 ) 1 = 1 ‘ 78x1 ° 
mole  fraction,  1 02 " . n i t ia t 1  =  4 . Ox  1  O'4  mole  fraction, 
Zirconia  Constants:  Eq=2.00V,  K'-350,  j/3K  ) 


Fig. 7  Scanning  Electron  Micro¬ 
graph  of  Tungsten  Carbide. 
(  LiF-KF,  K2W04: 1  .  Omol’s, 

K2C03;2.nm°l%,  Current  Density 
48 . 2mA/ cm2 ,  973K  ) 


20  (  deg.  ) 

Fig. 8  X-ray  Diffraction  Pattern  (  Cu  K-a  )  of 
Tungsten  Carbide  Sample  (  Fig. 7  ). 
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ABSTRACT 


The  possibility  of  tungsten  electrodeposition  from 
ZnBr2-NaBr  melts  at  350-450  °C  was  examined  mainly 
by  means  of  constant  potential  method  and  pulse 
potential  method.  The  morphology  and  quality  of 
the  deposits  were  closely  related  to  the  acidity 
of  the  melt.  In  basic  melts,  the  deposits  were 
thick  and  coarse,  while  in  the  acidic  melts,  the 
deposits  were  fine  but  thin.  These  results  are 
interpreted  based  on  the  stability  of  a  possible 
tungsten  cluster  species. 


INTRODUCTION 

For  many  years,  a  lot  of  useful  refractory  metals  have  been 
produced  by  means  of  molten  salt  electrolysis  (1-5).  Most 
of  them  are  obtained  by  the  electrolysis  of  molten  fluoride 
systems,  where  the  working  temperature  is  relatively  high 
(700-850°C,  approximately  ),  and  therefore  the  corrosion 
of  container  materials  and  electrode  materials  is  serious. 

The  authors  have  tried  to  find  alternative  solvent 
materials  for  electrowinning  of  refractory  metals  and 
mainly  have  been  studying  the  molten  ZnBr^-NaBr  systems. 
These  melts  exhibit  so-called  Lewis  acidity  and  have  a 
concentration  dependent  acid-base  character  as  in  the  case 
of  sodium  ch loroa l um i na te  melts.  The  acid  is  defined  as 
bromide  ion  acceptor,  while  the  base  is  defined  as  a 
bromide  ion  donor.  The  acidity  is  indicated  by  using  pPr" 
value,  which  is  equal  to  loglaBr-).  So  called  "basic"  melts 
are  melts  where  the  NaBr  mole  fraction  Is  larger  than  0.3 
and  vice-versa  for  "acidic"  melts. 

^present  address:  Department  of  Synthetic  Chemistry, 
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So,  "neutral"  means  that  NaBr  and  ZnBr^  are  equimolar.  In 
acidic  melts,  some  kinds  of  oxyanions  or  complex  ions  that 
have  an  unusual  oxidation  state  can  he  stable  (6), 

because  the  concentration  of  "free"  halide  ion  is  very  low 
(7-9).  Therefore  it  is  possible  to  obtain  some  metallic 
elements  by  the  electroreduction  of  these  unusual  oxidation 
state  ions.  In  the  bromide  systems,  meta 1 -ha logen  bond 
increases  their  covalent  character  compared  with  chloride 
systems,  so  the  acidity  of  the  bromide  system  is  higher 
than  that  of  the  chloride  system  with  same  cation  ratio. 

The  liquidus  temperature  of  ZnBrn-NaBr  system  is  about 
300°C  f o r composi t ions  ranging  from  30%  NaBr  (acidic  melts) 
to  70%  NaBr  (basic  melts).  Although  the  working 
temperature  of  electrolysis  should  be  higher  by  100  1 5 C 

degrees  than  that  of  aluminum  containing  melts,  it  is  very 
interesting  to  invest  igate  these  molts  as  potential  solvents  in 
refractory  metal  deposition  and  to  study  the  chemistry 
of  most  refractory  metal  species  in  this  melt.  From  tills 
point  of  view,  we  have  studied  the  e ) ect rodepos l t ion  of 
tungsten  in  ZnB^-NaBr  melts. 


L’XPER  I MENTAh 

A  nickel  plate  (square  shape  2.0cm“)  was  used  as  the 
substrate  tor  tungsten  electrodeposition.  It  was 
e lect ropol i shed  in  a  mixed  solution  of  sulfuric  acid  and 
phosphoric  acid  for  1  minute  before  use.  A  tungsten  spiral 
was  used  as  the  counter  eLectrode.  In  the  case  of  cyclic 
voltammetry,  a  zinc  wire  was  used  as  the  reference 
electrode  whichwas  separated  from  the  bulk  electrolyte  ey  i 
glass  frit.  The  zinc  wire  (99.99%  Rare  Metallic)  was  dipped 
in  a  dilute  hydrochloric  acid  solution  in  order  to  remove 
oxide  films  on  the  surface.  All  chemicals  used  were  of 
reagent  grade  quality.  Zinc  bromide  (Wako  Chemical)  and 
sodium  bromide  (Wako  Chemical)  were  dried  individually  at 
300°Cfor  morethan  24  hours  under  vacuum.  Tungsten  trioxide 
(Wako  Chemical)  and  tungsten(V)  bromide  (Alfa  Product )  were 
used  without  any  purification.  The  electrolysis  was 
performed  by  means  of  constant  potential  method  and 
constant  potential  pulse  method.  During  the  electrolysis, 
dry  argon  gas  was  bubbled  through  the  melt  for  stirruiq. 
After  electrodeposition  ,  the  substrate  was  taken  out  from 
the  cell  ,  washed  by  distilled  water  then  dried  in  vacuo. 
The  electrode  surface  was  examined  by  SEM  and  EPMA.  X-ray 
diffraction  pattern  ..as  also  obtained  for  the 
identification  of  deposits. 
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RESULTS 


Fig.1  shows  an  example  of  cyclic  voltammogram  at  a  platinum 
micro  electrode  in  ZnB^-NaBr  plus  WO^  solute.  In  the  case 
of  cathodic  scan,  the  cathodic  current  starts  to  flow  at 
the  potential  of  0.1V  vs.  Zn/Zn^+.  A  cathodic  current  peak 
is  observed  at  the  potential  of  50mV,  which  is  considered 
to  correspond  to  tungsten  deposition.  Therefore,  potentials 
from  0  to  lOOmVwere  employed  in  subsequent  controlled 
potential  experiments.  The  peaks  around  1.35V  correspond  to 
the  bromine  evolution  and  its  reduction. 

Photo  1  shows  the  morphology  of  the  deposits  obtained  in  a 
controlled  potential  electrolysis  at  50mV  in  neutral  ZnBr^- 
NaBr  (NaBr  50  mol  %)  with  WO,  solute.  The  deposits  were 
composed  of  small  particles  of  different  sizes.  Many  cracks 
between  the  particles  were  observed.  Although  some  amount 
of  tungsten  species  was  detected  by  EPMA,  the  existence  of 
metallic  tungsten  was  not  confirmed  by  the  X-ray 
diffraction  pattern.  In  order  to  obtain  metallic  tungsten, 
pulse  electrolysis  at  constant  potentials  was  tried.  The 
pulse  wave  described  in  Fig. 2  was  used  for  electrolysis. 
Photos  2-4  show  the  morphology  ot  deposits  in  cases  of  basic 
(NaBr  (S)  molt ),  neutral  (NaBr  50  mol  % )  and  acidic  (NaBr 
40  mol  * )  compositions  ,  respectively.  Xray  diffraction 
pattern  and  EPMA  chart  lor  each  sample  are  also  described 
in  Figs. 3-5,  which  clearly  indicate  that  the  deposition  of 
metallic  tungsten  occurred.  By  changing  the  ZnB^-NaBr  melt 
condition  from  basic  to  acidic,  the  size  of  deposited 
particles  decreases  and  t no  deposits  become  compact.  In 
basic  composition  ,  it  is  clear  from  F'ig.J  that  the 
deposited  tungsten  film  is  relatively  thick.  On  the  other 
hand  in  neutral  and  acidic  compositions,  the  deposited  film 
is  thin. 

The  solubility  ot  wo j  in  ZnBi^-NaBr  melt  is  very  small, 
although  it  is  easy  to  handle  W'Oj  as  a  solute.  Therefore, 
WO ^  was  replaced  by  WBrc,  as  a  solute.  Photos  '5  and  6  show 
the  morphology  of  deposits  by  using  WBr^  solute  m  basic 
and  acidic  me  1 1 s , respect i ve 1 y .  The  morphology  and  the 
quality  of  deposits  are  also  dependent  on  the  melt 
composition,  as  in  the  case  ot  WO,  solute.  Photo  V  shows 
the  morphology  of  tungsten  depos l t  obtained  by  constant 
current  method  at  450°C.  The  deposited  particles  are  cubic 
shaped  and  the  deposited  film  is  rather  thick. 
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DISCUSSION 


As  described  above,  the  acidity  of  the  melt,  i.e.  its 
composition  affects  the  morphology  and  quality  of  the 

tungsten  deposits.  The  deposited  particle  is  fundamentally 
cubic  shaped  (Photo  7).  Going  from  acidic  to  basic  the 
deposited  particle  increases  its  size  and  becomes  coarse. 
The  following  explanation  can  be  given  to  the  effect  of 
melt  acidity.  Thus,  in  basic  composition,  the  deposit  grows 
faster  in  the  direction  perpendicular  to  the  electrode 
surface  and  most  of  the  overvoltage  component  is  used  for 
crystal  growth.  In  acidic  melt,  the  overvoltage  component 
is  used  for  crystal  nucleation  and  a  lot  of  fine  particles 
are  formed  on  the  electrode  surface,  although  the  thickness 
is  small. 


AS  pointed  out  by  Mamantov  et.  al.(10),  some 
refractory  metal  halogen  clusters  exist  in  acidic  melts, 
for  example,  W6cig^+  species  in  AlClg-NaCl.  According  to 
the  study  on  e 1 ect roplat ing  of  chromium  from  fluoride 
melts(ll),  chromium  metal  is  not  formed  directly  from  Cr^+ 
but  from  Cr^+  intermediate  species.  This  intermediate 
species  is  insoluble  below  850°C  but  becomes  soluble  at 
temperatures  higher  than  893°C.  By  taking  into  account 
the  above  results,  some  tungsten  cluster  ^pecies  may  exist  in 
ZnBr^-NaBr  nelts  during  the  tungsten  aeposition  process.  In 
acidic  melts,  the  tungsten  cluster  species  may  be  stable  in 
the  melt,  so  that  the  rate  determining  step  may  be  its 
reduction  process.  Therefore,  fine  but  thin  deposits  car.  be 
obtained.  In  basic  melts,  the  cluster  species  may  not  be 
stable,  then  the  growth  rate  of  the  crystal  may  be  large. 
By  increasing  the  working  temperature,  also  the  stability 
of  the  cluster  species  seems  to  decrease.  This  explains 
that  relatively  thick  deposits  were  obtained  at  450°C  even 
in  acidic  melts. 


817 


REFERENCES 


1.  S.Senderoff,  G.W.Mellors  and  W . J . Re  1 nha r t , 


J. 

Elect  rochem . 

Soc . 

,  112,  840  (1965) 

2  . 

G.W.Mellors 

and 

S .  Senderof  f  , 

j_bid . 

,  113, 

60 

(  1  966  ) 

3  . 

G. W . Mel 1 ors 

and 

S .  Senderof  f  , 

j  b  i  d  . 

,  118, 

220 

(1971  ) 

4  . 

S . Senderof  f 

and 

G.W.Mel lors , 

ibid. 

,  113, 

66 

( 1 966  ) 

5. 

S . Senderof  f 

and 

G.W.Mellors, 

ibid . 

,  114, 

556  (1967) 

6. 

G.Mamantov 

and 

R.A.Osteryoung, 

"Characterization 

Solutes  in  Nonaqueous  Solvents",  chap.  11,  p.223,  Plenum 

Press,  Now  York  and  London  (1978) 

7.  G. Torsi  and  G.Mamantov,  Inorg.  Chern. ,  10,  1900  (1971) 

8.  A. A. Fannin,  L.A.Kinq  and  D.  W .  Seegm  i  1  1  er  , 

J_.Electrochem.Spc.,  1  19,  801  (  1  972) 

9.  L.G.Boxall,  H.L. Jones  and  R . A. Ostervoung ,  ibid., 120,  223 
(1973) 

10.  A.G.Cavinato,  G.Mamantov  and  X.B.Cox  III, 

J . E 1 ect rochem . Soc . ,  132,  1136  (1^85) 

11  .  T.Yoko  and  R. A. Bailey,  j_bid_.,  131,  2990  (1984) 


Intensity 


0 


Energy  /  keV 


20 


•  W 

■  Ni 


- 1 

i 

i 

i 

(b) 


30  40  50  60  70  80  90 

2  0 


Fig. 4  EPMA  chart  (a)  and  X-ray  diffraction  pattern  (b) 
of  the  deposits;  WO^  solute  in  neutral  composition 
( ZnBr 2 : NaBr = 50 . 1 ; 49 . 9 )  pulse  potential  method 

(cf. Photo  3) 
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noto  1 


Photo  2 


Ptioto 


Photo  4 


Photo  1-4  SEM  picture  of  electrodeposits  obtained 
by  constant  potential  method(l)  and  pulse  potential 
method(2-4)  with  WO^  solute  at  350°C 

melt  composition  1  --  SO. '3:49.5 

( ZnBr2 : NaBr )  2  --  40.1:59.9 

3  --  50.1  :  49 . 9 

4  --  59.3:40.2 


H2  1 


Photo  5 


Photo  6 


Photo  7 


Photo  5-7  SEM  picture  of  electrodeposits  obtained 
by  pulse  potential  method(5-6)  and  constant  current 
method  at  450°C(7)  with  WBr^  solute 

melt  composition  5  --  40.4:59.6 
(  ZnBr  2  :  N'aBr  )  6  --  60.0:  40.0 

7  --  40.3:59.7 
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IN  LiCl-KCl  EUTECTIC  MELT 

Yasuhiko  Ito,  Takashi  Shinada,  llideki  Yabo  and  Jun  Oishi 

Department  of  Nuclear  Engineering 
Faculty  of  Engineering 
Kyoto  University 
Sakyo-k.u,  Kyoto  606,  Japan 


ABSTRACT 


The  elect. rocheni ca  1  reduction  of  v;042~  4on 
tungsten  metal  in  LiCl-KCl  eutectic  melt  has  been 
studied,  in  order  to  find  the  optimum  electrolytic 
condition  to  obtain  desirable  tungsten  metal  film 
on  the  cathode.  Tungsten  metal  was  actually 
obtained  on  the  nickel  substrate  and  its  surface 
state  depends  on  the  electrolytic  condition.  In 
some  condition  it  is  flower-like  and  in  the  other 
condition  it  is  sealo-like.  High  pure  cubic 
tungsten  crystal  could  be  obtained  v.’hcn  the 
electrolyte  contained  very  small  amount  of  silver 
ion . 

Tungsten  ion  was  reduced  to  metallic  tungsten 
througli  several  steps,  which  include  not  only 
electrode  reactions  but  also  disproportionation 
reactions.  In  order  to  obtain  good  and  adherent 
tungsten  film,  deposition  by  disproportionation 
reaction  should  be  avoided.  For  this  purpose  it 
seems  desirable  to  supply  11C1  gas  into  the  melt 
after  dissolving  tungstate  ion  and  to  keep 
potential  more  negative  than  0.5V  (vs.  Li,K/Li+,K+) 


INTRODUCTION 

Tungsten  metal  is  a  useful  high  temperature  material 
which  has  superior  properties  concerned  with  corrosion 
resistance  and  electric  conductivity,  etc.,  and  tungsten 
carbide  is  used  as  a  super  hard  material.  In  order  to 
obtain  these  materials  by  electrodeposition  fror.  molten 
halide  system,  a  series  of  electrochemical  studies  has 
been  conducted  by  the  authors(l).  This  work  has  been  done 
as  a  part  of  them  and  has  been  conducted  to  clarify 
electrochemical  reduction  of  W042”  ion  to  tungsten  metal 
in  LiCl-KCl  eutectic  melt. 
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states  depending 
as  concent ra t ion 


this  reaction  has 
on  electrolytic 
of  tungstate  ion. 


The 
var ious 
cond i t i ons , 

temperature,  potential  and  current  density,  etc.  Adherence 
between  tungsten  film  and  substrate  is  also  to  be  taken 
into  consideration. 

Thus,  in  order  to  find  the  optimum 
condition  to  obtain  desirable  tungsten  metal 
cathode,  relation  between  surface  state  and 
condition,  effect  of  a  small  amount  of  additives  on  the 
crystal  structure  as  well  as  reduction  mechanism  of 
tungstate  ion  have  been  investigated. 


e 1 ect  ro 1 y t  i  e 
film  on  the? 
electro  1 y 1 1 e 


EXPERIMENTAL 

Experimental  apparatus  is  shown  m  Fio.1.  As  an 
electrolyte,  LiCl-KCl  eutectic  system  was  used,  which  was 
contained  in  a  high  purity  alumina  or  quart/  glass 
crucible.  All  chemicals  were  reagent  giade  (  IVa.ko 
Chemicals  Co.,  Ltd.  ).  In  order  to  remove  contaminated 
water,  it:  was  dried  under  vacuum  at  200  °C  for  three  days. 
Then,  after  iL  was  melted,  HC1 -Ar  gas  mixture  was  bubbled 
into  the  melt  for  an  hour.  Finally,  Ar  gas  was  bubbled  to 
remove  HC1  entirely.  Insides  of  both  experimental 
apparatus  and  glove  box  were  kept  under  argon  atmosphere 
at  82 3 -973K. 

As  a  reference  elect  rode  (  Fig.l-E  ),  an  Ag/AaCi 
electrode  was  used,  for  which  silver  wire  was  dipped  into 
the  eutectic  salt  containing  silver  chloride  in  pyrex 
glass  tube  whose  tip  was  very  thin.  For  potential 
calibration,  alkali  metal  electrode  Li,K/Li+,K+  (  Fig . 1-1* 
)  was  used,  for  which  alkali  metal  was  elect rodeposi ted  on 
the  nickel  wire  in  the  molten  electrolyte.  The  electrode 
thus  prepared  showed  good  reproducibility.  As  an  anode- 
( Fig .  1 -ts )  ,  glassy  carbon  was  used,  and  as  a  cathode 
(Fig.l-D),  nickel,  gold,  platinum  and  glassy  carbon  we re¬ 
used.  After  melting  the  salt,  potassium  tungstate  of 
0.01-1.0  mol%  was  added,  and  e  1  cc  t  i  odepc-s  1 1  ion  was 
conducted  on  the  nickel  substrate  that  was  inside 

the  alumina  tube. 

For  analyses  of  the  e 1 ect rodepos i t ed  samples,  SEM, 
EPMA,  EDX  and  X-ray  diffraction  were  used. 

In  order  to  observe  how  the  electrodeposition  was 
going  on,  transparent  electric  furnace  (  Ishikawa  Sangyo 
Co.,  Ltd.  )  was  used. 


results  and  discussion 


1_.  L’lcctrodoposi  tion  of  tungsten 

Fig. 2  and  3  show  SF.'I  of  tungsten  cl ectrodepoci ted  at 
023K  by  a  potential  of  O.SV  and  O.BV  (against  I.i  , K/l,i +  ,  K )  , 
respectively,  in  LiCl-KCl  containing  1.0  noli  of  potassium 
tungstate.  The  figure  of  the  electrodeposit  is  flower-like 
in  Fig. 2  and  scale-like  in  Fig. 3,  respecti vely .  Fig. 4 
shows  SKi  of  tunnsten  clectrodepositcd  at  973K  by  a 
current  density  of  100  mA/cm^  in  LiCl-KCl  containing  1.0 
raoli  of  potassium  tungstate,  when  a  very  small  amount  of 
silver  ion  was  added  in  the  melt.  Cubic  crystal  could  be 
obtained.  Cy  X-ray  diffraction  (  Fig. 5  )  and  EDX  (Fig. (I), 
it  was  concluded  to  he  high  puritv  tungsten  crystal.  Thus, 
surface  state  of  an  e lectrodeposi ted  tungsten  film  is 
strongly  dependent  on  the  electrolytic  condition. 

2_.  Direct  observation  of  the  _e_lectr_odepos  i_t  i  on  reaction 

Fig. 7  shows  schematic  illustration  of  the  electro¬ 
deposition  reaction  observed  by  using  transparent  electric 
furnace.  As  the  cathodic  current  flowed,  small  particles 
appeared  in  the  electrolyte  near  the  electrode,  which  then 
deposited  on  it.  These  narticles  almost  fell  down  from 
the  substrate  as  soon  as  the  current  was  cut-off.  Put 
they  could  be  recovered  as  powders.  By  X-ray  diffraction, 
they  were  proved  to  i>c  metallic  tungsten.  Sc,  tunnsten  is 
reduced  not  only  by  electrode  reaction  but  also  by 
disproportionation  in  the  electrolyte  duo  to  the  reaction 
of,  for  example,  F.q  .  ( 1  ]  . 

2t; (  t  i ) - =•  v;(  o )  +v; (iv)  M  ] 

i  .  Vol  tummi-t  r  j.  studies 

Fig.fi  shows  voltammograms  obtained  with  the  use  of 
gold,  platinum,  glassy  carbon  and  nickel,  at  823K  in  LiCl- 
KCl  by  potential  sweep  method.  Among  them,  as  seer,  in  the 
figure,  the  most  nen.at  ive  ;>.<t  cnti.il  s  am 

t>i-  ic.i.iied  with  nickel.  Then  nickel  was  used  as  a 
working  electrode  in  the  following  experiments. 

Fig. 9  shown  a  typical  voltnnnogrnn  obtained  at  823K  in 
LiCl-KCl  containing  0.4  mol%  of  potassium  tungstate.  The 
peak  indicating  the  reduction  of  tungsten  ion  can  be  seen 
at  about  1 . 2V  and  0.5V  against  the  alkali  metal  electrode, 
respectively.  That  is,  tungstate  ion  is  reduced  to 
metallic  tungsten  through  two  steps.  Lumber  of  electrons  n 
at  eacii  step  calculated  using  Nicholson's  equation  (2): 

n  =  -2.20  x  (RT/F)  /  (Lp-Lp/2>  [2] 

both  art-  nearly  equal  to  2. 
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Taking  into  consideration  that  the  reduction  of  tungsten 
ion  can  proceed  not  only  by  electrode  reaction  but  a] so  by 
disproportionation  reaction,  the  difference  of  number  of 
peaks  between  !.’-0  system  (  the  system  into  which  HCl  was 
not  supplied  )  and  V.'-Cl  system  can  be  understood  by 
assuming  that  disproportionation  occurs  more  easily  in  l.’-O 
system  than  in  W-Cl  system.  That  is,  in  W-0  system,  the 
possible  reactions  are  Eg.[7)-[9] 

v:  (vi)  — *  i;uv)  +  2c~  [7] 

2v:<  xv )  — ►  w( 1 1 )  +v.' ( vi )  [G] 

'.KID  — ►  v:  ( 0 )  +2e-  [9), 

and  only  two  peaks,  concerned  with  the  reactions  of 
IIq.[7)  and  [9  1,  appear  in  the  voltammogram.  On  the  other 
hand,  in  l.'-Cl  system,  four  peaks  concerned  with  the 
reactions  of  Eg .  [  3  ]  -  ( C> )  are  to  be  observed. 

Sometimes,  also  in  V.’-O  system,  four  peaks  appear 
depending  on  the  experimental  condition.  Thin  can  be 
explained  by  the  shift  of  the  dissociation  equilibliun  : 

t.’042-  =  W  (VI)  +  402“  [10) 

to  the  right  hand  side  due  to  the  very  small  concentration 
of  oxide  ion  in  LiCl-KCl  by  some  reasons.  In  this  case, 
the  ligands  of  tungstate  ion  are  changed  from  oxide  ion  to 
chloride  ion,  and  the  disproportionation  reaction  may  no 
longer  occur. 
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CONCLUSIONS 

The  electrodcpor.ition  of  tungsten  in  LiCl-KCl  eutectic 
system  was  investigated.  The  results  are  summarized  as 
f ol lows : 

1  .  Tungsten  metal  was  obtained  on  the  nickel  substrate 
by  electrode-position  from  LiCl  -1X1  eutectic  system 
containing  tungstate  ion. 

2.  Surface  state  of  the  electrodeposi ted  tungsten 
depends  on  the  electrolytic  condition.  Some  of  them 
are  flower-like  and  some  are  scale-like.  High  purity 
cubic  tungsten  crystal  could  be  obtained  by  electro¬ 
deposition  from  the  electrolyte  which  contained  very 
snail  amount  of  silver  ion. 

3.  Tungstate  ion  in  I.iCl-KCl  was  reduced  to  metallic 
tungsten  through  several  steps,  which  include  not 
only  electrode  reactions  but  also  disproportionation 
reactions . 

4.  Disproportionation  reaction  occurs  more  easily  in 
W-0  system.  Tungsten  obtained  by  disproportionation 
is  powder.  In  order  to  obtain  good  and  adherent 
tungsten  film  by  electrodeposition  in  LiCl-KCl 
eutectic  system  containing  tungstate  ion,  deposition 
by  disproportionation  should  be  avoided.  The  most 
desirable  way  to  obtain  good  and  adherent  tungsten 
film  is  to  supply  MCI  gas  into  the  melt  after 
dissolving  tungstate  ion,  and  to  keep  potential  more 

negative  than  o.5V  (  vs.  Li  ,  K/Li  +  ,  K+  ). 
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(1)  Before  electrolysis 


K-  $ 

cathode  .  , 


Transparent  dark  blue  solutic 


(2)  Beginning  of  electrolysis 


Colloidal  powders  appear 
in  the  electrolyte 


(3)  During  electrolysis 


Powders  deposit  on  the  cathode 
to  forn  thick  laver 


(4)  End  of  electrolysis 


Very  thick  deposit  layer 


(5)  After  electrolysis 


Falling  off  of  the  deposit  layer 
leaving  thin  surface  film 


Fie. 7  Schematic  Illustration  of  The 
El ect  rod epos i t ion  Reaction 
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are  grouped  in  Table  1,  where  suppliers  and  purity  of  the  compounds  are 
suntmari  zed.  NdCl^-SH-O.  CaCl^-?  H^O  and  lithium  halides  were  dehydra¬ 
ted  and  dried  by  heating  under  reduced  pressure.  Their  maximum  water 
content  was  1  wt  Z.  Other  products  were  used  in  their  commercially 
available  form. 

Electrolysis  operating  procedure 

The  experiments  were  carried  out  in  either  alumina  or  glassy 
carbon  crucibles  placed  in  an  Inconel-made  reactor.  Heating  was  car¬ 
ried  out  by  means  of  an  electric  furnace.  Two  types  of  electrodes, 
vertical  or  hori zon ta 1 , were  investigated,  as  shown  in  Fig.  2.  The 
anode  was  a  graphite  rod,  and  the  consumable  cathodes  were  iron  rods. 
The  anode-cathode  distance  depended  on  the  runs.  The  electrolytic  bath 
was  made  up  of  a  mixture  of  the  neodymium  chloride  to  be  electrolyzed 
and  alkaline  halides. 

Values  of  the  cathodic  current  density  (ccd)  were  100  -  250  A. dm 
and  the  voltage  was  4-  10  volts,  for  each  electrolysis  operation, 
the  metal  produced  was  recovered  after  n0»  pouting  into  a  cast  iron 
ingot,  mold. 

Calciothermic  reduction  operating  procedure 

Iron  chips,  calcium  grains,  neodymium  fluoride  and  anhydrous  cal¬ 
cium  chloride  to  constitute  the  loading  were  intimately  mixed  to* 

gether. 

The  amount  of  CaC  1  >  added  was  adjusted  so  as  to  obtain,  after 
reduction,  a  CaCls-Ca’^  Molten  slag.  The  amount  of  the  reducing  metal 
(Ca)  was  above  the  stoichiometric  quantity,  and  the  amount  of  iron 
depended  on  the  desired  composition  of  the  alloy  to  be  produced. 

The  mixture  described  above  was  introduced  into  a  tantalum,  cru- 
c'ble  (whose  capacity  was  approximately  one  liter)  placed  at  the  bot¬ 
tom  of  an  Inconel-made  reactor,  itself  placed  in  an  e lec tric-res i st¬ 
ance  furnace.  After  reducing  pressure  (1  cm  Hq),  the  temperature  was 
raised  to  1000-1100  C.  Then  the  reaction  was  conducted  at  this  temper¬ 
ature,  under  atmospheric  pressure  in  an  inert  gas  atmosphere  (aruon! 
maintained  throughout  the  reduction.  During  heating  ,  two  phases  were 
formed  in  the  reaction  medium  :  a  metallic  phase  constituted  by  the 
rare  earth  -  iron  alloy,  on  top  of  which  floated  a  CaCl,-CaF,  slaq. 
After  a  reaction  time  ranging  from  30  min  to  2  hours,  the  alloy  was 
separated  from  the  siag  by  hot  pouring  irt.o  a  cast  ■  ton  moot  •’■old. 

RESULTS  AND  DISCUSSION 

Solubility  of  metallic  neodymium  in  various  molten  alkaline  halide  + 
neodymium  (III)  chloride  mixtures. 

The  solubility  of  neodymium  in  chloride  melts  is  a  complex 
process  involving  both  physical  dissolution  as  a  metal  fog,  and 
chemical  dissolution  arrorrlinn  1q  the  fol  lr,...,  nn  equilibrium  • 

Nd  +  2  rjdC  1  3  3  NdCl'  fl] 

We  take  into  account  the  overa 1 1  solubility  by  defining  it  as  th, 
weight  loss  of  a  metal  sample  occurring  when  it  is  immersed  in  the 
melt. 

Effect  of  NdClj  content  and  temperature  in  pure  chloride  melts. 

It  is  first  to  be  noted  that  neocy  mum  "dissolve-.’  ;n  a  melt 
which  does  not  contain  NdCl  ^  because  of  a  metal  ri  •  soei  •  or.  pt-enomencr 
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(e.g.  after  3  hours,  we  observed  that  2  wt  "  metal  dissolves  in  a  liaCl- 
(78  wt  %)  -  NaCI  bath  at  940  C).  Metal  solubility  strongly  depends  on 
NdCl-j  content  in  the  melt.  At  800'C.  for  e>ample.  solubility  equal  to 
7  wt  %  in  a  melt  containing  30  wt  Z  fJdCl^  is  at  least  tripled  when  UdCI 
content  reaches  80  wt  Z.  Moreover,  temperature  has  a  great  influence 
on  solubility  :  solubility  (7  wt  Z  at  800  C )  becomes  unacceptable 
(/w22  wt  %)  beyond  1000  C,  which  is  close  to  neodymium's  melting 
point.  These  results  explain  why  Kurita  (14)  obtained  only  yields 
lower  or  equal  to  20  Z  for  the  e 1 ec trow i nn l nq  of  neodymium  from  a 
NdC 1 3— KC  I  bath. 

Benefit  due  to  the  presence  of  alkaline  fluorides  and  lithium 
salts.  Our  experiments  have  shown  that  solubility  is  always  lower  m 
chloride-fluoride  media  than  in  pure  chloride  melts  when  temperature 
is  less  than  1000  C.  for  example,  solubility  is  equal  to  4  wt  V  a‘ 

800  C  in  a  chlonde-f luoride  bath  containing  30  wt  Z  \dCK.  that  is. 
twice  lower  than  in  pure  chloride  neits  (7  wt  This  effect  of 
fluoride  salts  may  be  explained  by  their  complexing  role,  causing  the 
oxidation  state  +  III  of  neodymium  to  stabilize.  This,  m  turn,  leads 
to  the  disproportionation  of  neodymium  (II)  ( •:  •  .  s  orient  of  equili¬ 
brium  |_l]  to  the  left),  thus  decreasing  the  "chemical"  solubility. 

We  also  observed  that  lithium  salts  give  a  similar  effect  : 
compared  with  melts  without  lithium,  solubility  is  always  lower  in 
melts  containing  Li C 1  or  LiF.  The  major  impact  of  lithium  salts  will 
be  seen  in  electrolysis  yields. 

Impact  on  the  choice  of  electrolytic  bath  composition.  Our  e>pe- 
rimentdl  results  described  abo.e  can  be  summarized  as  follows:  (1! 
metal  solubility  strongly  depends  on  neody,riu"'  '  !  1 1  content,  of  •  he 
bath  ;  (11)  whatever  the  bath  compos  1  ;■  .  repay  urn.  -ol.jbi 

Ste-  ply  increases  when  temperature  reaches  1000  1 1  (iii)  for  a  giver, 
neodymium  (Ill)  content  of  the  bath,  solubility  is  higher  in  pure 
chloride  me  Its  than  in  chlori de- f 1 uor ide  melts.  Thus,  for  the  elec¬ 
trowinning  of  neodymium-  -  iron  alloys,  ch'c -ide-f luoride  baths  con¬ 
taining  lithium  salts  with  a  low  amount  of  neodymium  chloride  are 
preferable  to  pure  chloride  melts  in  order  to  minimize  the  yield  loss 
due  to  metal  solubilization. 

Neodymium  -  iron  alloy  electrowinning  on  consumable  iron  cathodes. 

The  master  alloy  under  study  was  the  eutectic  neodymium  -  iron 
composition  (88  wt  Z  Nd  -  12  wt  Z  f e).  which  melts  at  640  C  (see 
Fig.  1)  :  it  can  be  electrolyzed  at  a  low  enough  temperature  for  neo¬ 
dymium  silubi  ity  to  remair  sufficiently  low. 

Effect  of  several  operating  parameters  on  metal  yield.  In  the 
following,  the  metal  yield  R^  designates  the  r;Cio  of  the  neo¬ 
dymium  obtained  with  respect  to  the  neodymium  in  the  ’idClj  introduced 
in  the  electrolytic  bath.  In  addition  the  duration  of  electrolysis  t 
is  given  with  respect  to  t  ,  which  is  the  time  theoretically  re¬ 
quired  for  reduction  of  al?  the  NdCl^  at  100  current  efficiency  Rp. 

Fig.  3a  indicates  the  effect  of  temperature  on  the  metal  yield  of 
alloys  electrowon  on  consumable  vertical  cathodes  m  a  re i t  contain”. 
26  wt  %  NdC 1 3, and  Fig.  3b  gives  the  corresponding  neodymium  content 
these  alloys.  It  is  observed  that  the  metal  yield  reaches  76  6 
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Comparison  of  the  electrolytic  process  and  calcium  reduction  to  obtain 
neodymium  -  iron  alloys. 

Typical  example  of  a  ca  1c lothermic.  reduction  of  Ndf^  in  the  pre¬ 
sence  of  i  ron  chips.  ■  ,*i-  ■; 
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CaCl^.  168.0  of  nto')f  iu~  iron  alloy  nas  be.- . .  :  < 
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Table  1  :  Suppliers  and  purity  level  of  the  main  reagents  used. 


Products 

Supp 1 lers 

Puri ty 

Rare  earth  ha  1 1 des 
and  oxides 

Rhone -Pou 1 enc 
La  Rochelle 
Plant 

Ha' ides  (*)  :  96  Z 

Oxides  (*)  :  99.0  or  99.9  ”1 

Metallic  Calcium 

China  Nuclear 
Energy  Indus¬ 
try  Corporat- 
1  on 

Ca  gra  ins  >.  99.6  Z 
main  inpurities  )  A 1  :  0.01  " 
U'o  :  O.'ih 

Calcium  chloride 

Rhone-Pou lenc 
( Pro  1 abo) 

CaC  1  o.  2  H.,0  RP 
(further  dehyc^sterf  under 
•  educed  pressure  ;. 

I  ron 

Hoganjs 

I  ron  ch  i  ps  >,  99 
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Parker 

L i C 1  :  99.3  ~ 
li"  :  99.5  Z 

(*)  Ratio  of  neodymium/rare  earth. 
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either  a  ca Iciothernic  reduction  or  an  e ' ec tro 1 ysi s . 


t  lernents 

Ca 1 c i otherm i c 

E'ect rolys  is  j 

reduction 

product i on 

Nd 

86.0 

33.2 

Fe 

13.0 

11.7 

Ca 

0.4 

0.002 

Li 

- 

0.02 

Mg 

0.C2 

A1 

0.001 

0.20 

Si 

0.05 

0.01 

C 

0.06 

4  0.02 

Mn 

0.07 

0.03  I 

Cr 

- 

0.02  {-■■) 

p 

t  0.02 

0.04 

Cl 

4  0.01 

0.3  j 

0 

4 

0.04 

0.03 

<0.01 

0.004  j 

(')  Crucible  corrosion 


1 


1  -  NDO.3-LtCL-i.IF 

2  -  NDCL3-L  ICL-NftF 

3  «  NDCL3-L ICL-CMF2 


845 


METALLOTHERMIC  REDUCTION  OF  Nd203  WITH 
Ca  IN  CaCl2-NaCl  MELTS 

R.  A.  Sharma  and  R.  N.  Seefurth 
General  Motors  Research  Laboratories 
Warren,  MI  48090-9055 

ABSTRACT 

Neodymium  metal  was  produced  by  metallothermic  reduc¬ 
tion  of  Nd203  with  calcium  in  a  CaCl2-NaCl  melt  by  the  over¬ 
all  reaction  Nd203  *  3  Ca  ■»  3  CaO  ♦  2  Nd  at  temperatures 
Detw^.n  983  and  1063  K.  Neodymium  was  recovered  from  the 
salt  melt  by  dissolution  in  a  molten  metal  pool  of  either 
Nd-Zn  or  Nd-Fe.  The  reduction  process  was  observed  to  pro¬ 
ceed  through  the  following  reactions 

Nd203  (Solid)  *  CaCl2  (Solution)  +  CaO  (Solid) 

+  2  NdOCl  (Solution  +  Solid) 

2  NdOCl  (Solution  +  Solid)  +  3  Ca  (Solution)  -*  2  Nd 
(Solid)  *  2  CaO  (Solid)  ♦  CaClo  (Solution) 

Nd  (Solid)  +  NdxFey  (Pool)  ■*  Ndx^jFey  (Pool) 

To  obtain  good  yields  it  was  necessary  to  keep  the  concen¬ 
tration  of  CaCl2  in  the  molten  salt  phase  at  least  70  w/o. 

The  yield  (percentage  of  neodymium  oxide  recovered  as 
metal)  was  ~95%  in  the  case  of  a  Nd-Zn  extraction  pool. 
Neodymium  metal,  freed  of  zinc  by  vacuum  distillation,  was 
of  high  purity  (>995?  Nd)  .  The  yield  was  also  ""95%  for  the 
case  of  a  Nd-Fe  extraction  pool.  The  Nd-Fe  alloy  produced 
was  of  high  quality  and  can  be  directly  used  in  producing 
MAGNEQUENCH  alloy  for  permanent  magnets. 


INTRODUCTION 


General  Motors  has  developed  a  process  known  as  MAGNEQUENCH™* **  (1,2) 
for  producing  Nd-Fe-B  alloys  for  permanent  magnets.  To  make  MAGNEQUENCH 
more  cost-effective,  a  systematic  study  was  undertaken  to  develop  a 
process  for  producing  low-cost  neodymium  metal.  First  of  all,  most  of 
the  existing  methods  of  production  were  critically  evaluated  and  a  new 
method  of  production  was  proposed  (3)  .  Experimental  work  was  initialed 
on  the  new  process  (4).  In  this  process,  neodymium  oxide  powder 
suspended  in  a  CaCl2  based  salt  medium  is  reduced  by  calcium,  and  the 
neodymium  metal  produced  is  extracted  by  dissolution  in  a  neodymium-zinc 
or  neodymium-iron  metallic  pool  of  approximately  eutectic  composition  at 
-1025  K.  The  new  process  of  chemical  reduction  and  extraction  is 
different  from  existing  neodymium  production  processes  in  that  it  is  a 
combination  of  both  production  and  refining  processes. 

THEORETICAL  BACKGROUND 

The  metal lothermic  reduction  of  NdgOg  by  calcium  is  represented  by 
the  following  reaction 

Nd203  *  3  Ca  -  3  CaO  -  2  Nd  [1] 

The  standard  free  energy  change  of  this  reaction,  AG°,  is  negative  at 
all  temperatures  of  interest  (Figure  1).  To  separate  Nd  from  CaO  and 
also  to  keep  CaO  from  interfering  with  the  reaction,  the  reduction  is 
carried  out  in  CaC^-NaCl  melts.  The  phase  diagram  of  the  CaClg-NaCl 
system  (6)  shows  a  broad  liquid  range  suitable  for  conducting  the 
reaction  of  interest.  The  standard  free  energies  of  formation  of 
CaCl2  (7),  NaCl  (7),  NdClg  (8),  and  NdCl2“  are  shown  in  Figure  2.  The 
standard  free  energies  of  formation  of  both  CaCl2  and  NaCl  are  far  more 
negative  than  those  of  NdCl2  and  NdClg .  Thus,  CaCl2  and  NaCl  should  not 
react  with  Nd  to  form  neodymium  chloride. 

However,  in  the  presence  of  CaCl2  based  salt  media,  neodymium 
oxychloride  should  form  by  the  reaction 


*  MAGNEQUENCH  is  a  trademark  of  General  Motors. 

**The  values  of  AG*  for  NdCl2  were  calculated  using  the  enthalpy  of  for¬ 
mation  at  298  K,  AHggg  =  -168.93  *  1  kcal  per  mole  (9)  and  the  entropy 
of  formation  at  298  K,  ASggg  =  -40.29  *  1.5  eu.  The  AS2gg  was  calcu¬ 
lated  using  S2gg  for  NdCl2  =  30.1  eu  calculated  by  Latimer’s  method 
(10),  S2gg  for  Nd  =  17.1  eu  (11)  and  S2gg  for  Cl2  =  53.29  eu  (11). 


Nd203  ♦  CaCl2  -+  2  NdOCl  +  CaO  [2] 

The  standard  free  energy  change  of  this  reaction  is  negative  at  all 

temperatures  of  interest  (Figure  1) .  The  neodymium  oxychloride  so 

formed  is  subsequently  reduced  to  neodymium  metal  by  the  reaction 

NdOCl  +  1.5  Ca  +  Nd  +  CaO  *  0.5  CaCl2  [3] 

The  standard  free  energy  change  of  this  reaction  is  also  negative  as 

shown  in  Figure  1.  Therefore,  reaction  [1]  represents  the  overall 
reduction  in  the  presence  of  CaCl2  based  salt  media. 

It  is  believed  that  the  reduction  of  Nd20g  is  effected  by  calcium 
dissolved  in  the  molten  salt  phase.  The  fact  that  calcium  metal  is 
appreciably  soluble  (12)  in  CaCl2-NaCl  melts  is  critical  to  the  kinetics 
of  the  process . 

The  next  step  in  achieving  complete  separation  of  neodymium  metal 
from  the  salt  phases  is  to  dissolve  it  in  a  liquid  metallic  pool  of 
Nd-Zn  or  Nd-Fe,  the  composition  of  which  can  be  selected  using  the 
corresponding  phase  diagrams  (5).  The  density  of  the  metallic  pool  will 
be  about  7  g/cc  (13),  that  of  salt  ~1.8  g/cc  (14)  and  that  of  CaO 
~3.0  g/cc  (13).  This  suggests  that  there  should  be  no  difficulty  in 
separating  the  metallic  pool  from  the  molten  salt.  Neodymium  which 
melts  at  1294  K  (5)  can  be  separated  from  zinc  which  boils  at  1180  K 
(11)  by  vacuum  distillation  at  '"1325  K.  The  vapor  pressure  of  neodymium 
at  the  temperature  required  for  distillation  is  negligible  (2.5  x 
10_®  mm  Bg,  (15)).  In  the  case  of  a  Nd-Fe  pool,  the  alloy  produced  can 
be  directly  used  in  making  MAGNEQUENCH ™  alloys. 

EXPERIMENTAL 

Materials 


Random  cuttings  of  neodymium  metal  (99%  purity)  and  zinc  metal 
sticks  of  99.9+%  purity  were  used  to  make  the  Nd-Zn  extraction  pools. 
Neodymium-iron  alloy  pieces  of  eutectic  (88.1  w/o  rare  earth)  composi¬ 
tion  (99%  purity)  and  iron  metal  of  99%  purity  were  used  to  make  the 
Nd-Fe  alloy  extraction  pools. 

Sodium  chloride  of  99+%  purity,  calcium  fluoride  of  99.9+%  purity 
and  anhydrous  calcium  chloride  of  99.9+%  purity  were  used  to  prepare  the 
various  salt  baths.  Prior  to  use,  each  salt  was  oven  baked  for  ~2  h  at 
773  K  to  remove  moisture.  Calcium  metal  granules  of  99.5%  purity  and 
sodium  metal  of  99.9+%  purity  were  used  as  the  reductants,  and  neodymium 
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oxide  (NdjOg)  powder  of  at  least  35%  purity  (up  to  5%  praseodymium 
oxide)  was  used  as  the  source  of  neodymium.  Before  reduction,  the  oxide 
was  oven  dried  for  ~2  h  at  1273  K  to  remove  moisture. 

Apparatus 

All  experimental  procedures  were  carried  out  in  a  helium-atmosphere 
(typically  less  than  1  ppm  C^,  or  f^O)  drybox  having  a  12.7  cm  ID  by 

54.6  cm  deep  furnace  well  extending  beneath  its  floor.  The  furnace  well 
was  heated  by  means  of  a  tubular  three-zone  clamshell  heating  element 
furnace,  13.3  cm  ID  by  45.7  cm  long. 

A  schematic  diagram  of  the  apparatus  is  shown  in  Figure  3.  The 
reduction  reaction  was  carried  out  in  a  tantalum  crucible  10.2  cm  OD  by 

12.7  cm  deep  having  a  0.15  cm  thick  wall.  Experiments  were  also  con¬ 
ducted  in  mild  steel  reaction  vessels  (10.2  cm  I.D.  x  17.8  cm  deep  x 
0.15  cm  wall),  and  in  some  instances,  mild  steel  stirrers  were  used. 

Procedures 


The  molten  alloy  pool  (enough  to  make  ~300  g  of  eutectic  alloy)  for 
recovery  of  reduced  neodymium  metal  from  the  molten  salt  was  prepared  by 
fusing  the  zinc  and  neodymium  metals  together  in  the  preweighed  tantalum 
reaction  vessel.  The  iron-rich  molten  alloy  pool  was  prepared  by  fusing 
the  neodymium-iron  eutectic  ingot  and  iron  metal  together  in  the  pre¬ 
weighed  mild  steel  reaction  vessel.  Then  the  preweighed  salt  components 
were  added  into  the  cup  and  allowed  to  fuse. 

A  preweighed  amount  of  Nd20g  was  added  to  the  molten  salt  bath.  The 
stirrer  was  immersed  and  used  to  enhance  mixing  of  the  oxide  into  the 
melt.  Predetermined  weights  of  the  reductants  were  added  to  the  melt. 
With  baffle-splash  guard  assembly  in  place,  the  salt  bath  and  its 
contents  were  fast-stirred  for  an  assigned  time  interval  and  then  slow- 
stirred  for  an  additional  period  of  time. 

After  stirring,  the  stirrer  blade  was  carefully  removed  from  the 
melt,  and  the  reaction  vessel  pulled  from  the  furnace  well  and  quenched. 
The  cool  cup  was  removed  from  the  drybox  and  radiographs  were  taken. 

The  salts  were  washed  out  of  the  cup  with  warm-running  water.  After 
oven  drying,  the  cup  and  alloy  product  were  weighed  and  the  recovered 
neodymium  was  determined  by  the  differences  in  weights.  Core  samples  of 
the  neodymium-iron  alloy  product  were  sent  for  chemical  analyses.  The 
yields  were  obtained  from  the  weight  gain  of  the  metallic  pool  divided 
by  the  theoretical  amount  of  Nd  available  from  the  oxide. 
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RESULTS  AND  DISCUSSION 


The  experimental  parameters,  such  as  container  material,  tempera¬ 
ture,  extraction  pool,  reductant,  reactants  and  stirring  details,  are 
given  in  Table  1  while  the  results  are  presented  in  the  subsequent 
tables  and  in  the  following  two  sections.  The  first  section  describes 
the  results  obtained  using  Nd-Zn  extraction  pools  and  the  second  section 
describes  the  results  obtained  using  Nd-Fe  extraction  pools.  All 
experiments  started  with  233. 3g  of  Nd20g  to  produce  200g  of  Nd  metal, 
except  as  noted  below. 

Nd-Zn  Extraction  Pool 


The  results  of  Nd20g  reduction  with  Ca  at  ~1000  K  are  given  in 
Table  2.  Low  recovery  of  Nd  in  Expts.  1  and  2  was  observed.  In  the 
first  experiment  Ca  was  added  in  increments  to  observe  the  completion  of 
the  reduction  reaction  which  was  presumed  to  be  indicated  by  the  float¬ 
ing  of  excess  Ca-Na  melt  on  the  CaC^-NaCl  melt.  This  did  not  happen 
because  most  of  the  Ca  was  consumed  by  the  reaction  Ca  «■  2NaCl  4  CaC^  4 
2Na  (7)  to  generate  sodium  which  evaporated.  In  the  second  experiment, 
Nd  metal  recovery  was  low  because  of  entrainment  as  nodules  in  the  salt 
phase.  The  good  recovery  of  Nd  in  three  of  the  next  four  experiments 
was  achieved  by  increasing  the  amount  of  salt  and  stirring  the  metallic 
pool  at  a  speed  of  60  rpm  for  one  hour  at  the  end  of  the  four  hour 
reduction  period.  The  recovery  was  greater  than  96%  in  these  experi¬ 
ments.  This  recovery  was  achieved  using  a  Nd-Zn  pool  and  a  salt  phase 
containing  greater  than  70  w/o  CaC^-  The  recovery  dropped  drastically 
when  a  salt  melt  containing  less  than  70  w/o  CaC^  was  used  (Figure  4)  . 
Two  factors,  i.e.,  slow  stirring  of  the  metallic  pool  at  the  end  and  a 
salt  phase  having  greater  than  70  w/o  CaC^  appear  to  be  essential  for 
good  Nd  recovery. 

Rinck  reports  that  calcium-sodium  mc'ts  of  higher  calcium  concen¬ 
tration  (>86  w/o  Ca)  can  coexist  only  with  CaClg-NaCl  melts  of  >70  w/o 
CaC^  (16).  Therefore  a  CaC^-NaCl  melt  of  70  w/o  CaClj  is  required  to 
maintain  a  Ca-Na  melt  of  high  Ca  concentration  which  appears  essential 
for  carrying  out  the  reductions  at  acceptable  rates  and  obtaining  good 
yields. 

The  chemical  analysis  of  the  representative  samples  of  the  solidi¬ 
fied  metallic  pool  of  each  experiment  indicated  the  impurity  level  in 
each  case  to  be  very  low.  Chemical  analysis  of  Nd  after  removing  zinc 
by  vacuum  distillation  showed  Ca  =  0.01  w/o  and  Zn  =  0.002  w/o  which  are 
satisfactory  for  magnetic  applications.  A  scanning  electron  microscope 
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photograph  of  a  sample  from  the  solidified  melt  of  experiment  4  showed 
no  inclusion  of  any  kind.  This  has  also  been  observed  in  the  case  of 
samples  from  the  solidified  melts  from  the  other  experiments. 

Nd-Fe  Extraction  Pool 


The  results  of  Nd20g  reduction  with  calcium  using  a  Nd-Fe  extraction 
pool  are  given  in  Table  3.  Most  of  the  experimental  conditions  are 
given  in  Table  1.  Neodymium  yields  reaching  95%  were  achieved  in  one 
hour  at  a  stirring  rate  of  600  rpm.  However,  it  appears  the  salt  ratio 
(grams  of  salt  per  gram  of  Nd  available  in  the  original  oxide)  must  be 
greater  than  4  to  obtain  yields  greater  than  90%,  and  once  again  the 
salt  phase  must  have  greater  than  70  w/o  CaC^  for  good  Nd  recovery. 

The  yields  in  these  experiments  were  essentially  as  good  as  those 
achieved  using  a  Nd-Zn  extraction  pool.  However,  to  obtain  high  yields 
when  using  a  Nd-Zn  pool,  the  experimental  conditions  are  less  stringent 
(e.g.,  300  rpm  for  the  case  of  Nd-Zn  pools  and  600  rpm  for  the  case  of 
Nd-Fe  pools) . 

Clear  separation  between  the  salt  phase  and  alloy  pool  was  observed 
from  the  radiographs  of  the  solidified  products.  The  clear  separation 
of  the  alloy  from  the  salt  phase  was  also  indicated  from  the  surface  of 
the  solidified  alloy  after  the  salt  was  washed  away.  Examination  by 
optical  microscope  and  by  a  scanning  electron  microscope  of  the  samples 
taken  from  the  solidified  metallic  pools  did  not  reveal  any  salt  it. elu¬ 
sions.  Chemical  analyses  of  the  solidified  metallic  pools  showed  the 
high  quality  of  the  Nd-Fe  alloys  produced.  These  alloys  contain  from 
85.5  to  87.5  w/o  Nd,  from  11  to  13.7  w/o  Fe  and  less  than  0.3  w/o  Ca. 

The  concentrations  of  the  other  impurities  are  also  very  low. 

It  appears  that  the  yield  increases  with  increase  in  agitation  rate 
(Table  3:  2  and  3),  and  temperature  (Table  3:  8,  11  and  12).  Data 
(Table  3:  5,  7-10)  also  indicate  that  the  yield  increased  with  an 
increase  in  the  ratio  of  salt  to  neodymium  produced.  Duration  of  reduc¬ 
tion  time  improved  separation  and  also  increased  yield  in  the  alloy  pool 
(Table  3:  1-4).  The  salt  phase  in  experiments  1,  2,  and  3  contained 
525  g  of  67  w/o  CaC^ ,  28  w/o  NaCl  and  5  w/o  CaF2,  while  for  experi¬ 
ment  4  it  was  500  g  of  70  w/o  CaC^  and  30  w/o  NaCl .  In  experiments  1, 

2,  and  3,  the  salt  was  melted  prior  to  adding  the  alloy  pool  materials 
(86.8  w/o  Nd  and  18.2  w/o  Fe)  and  they  were  two  step  reductions  with 
Fe-metal  added  between  steps,  while  for  experiment  4,  the  alloy  pool 
(~425  g  of  83.2  w/o  Nd  and  16.8  w/o  Fe  alloy)  was  prepared  prior  to 
adding  salt  and  the  reduction  was  completed  in  a  single  step. 


851 


As  pointed  out  earlier,  neodymium  oxychloride  forms  by  the  reaction 
of  Nd20g  with  CaClg  in  the  salt  phase  by  reaction  [2] .  The  presence  of 
NdOCl  was  confirmed  by  an  x-ray  analysis  of  the  salt  sample  from  one  of 
the  experiments  and  comparison  with  data  reported  in  the  literature 
(17).  In  such  experiments,  immediately  upon  addition  of  Nd20g,  the  melt 
viscosity  increased  and  the  melt  turned  gray.  This  means  the  reaction 
of  Nd203  with  CaC^  to  form  NdOCl  is  very  fast,  and  Nd20g  mostly  gets 
converted  into  NdOCl  before  its  reduction  with  Ca.  Calcium  metal  being 
lighter  floats  on  the  salt  phase.  The  NdOCl  formed  settles  on  the  top 
of  the  metallic  pool  so  reduction  of  NdOCl  should  take  place  by  the  Ca 
dissolved  in  the  CaC^-NaCl  melt.  On  the  basis  of  these  observations 
the  following  reaction  scheme  is  proposed  for  the  reduction  of  Nd20g 
with  Ca  in  CaClj-NaCl  melts 

NdgOg  (Solid)  +  CaC^  (Solution)  ■*  CaO  (Solid) 

*  2  NdOCl  (Solution  +  Solid)  [4] 

2  NdOCl  (Solution  ♦  Solid)  ♦  3  Ca  (Solution)  +  2  Nd  (Solid) 

+  2  CaO  (Solid)  +  CaC^  (Solution)  [5] 

Nd  (Solid)  ♦  NdxFey  (Pool)  -  Ndx+jFey  (Pool)  [6) 

In  the  above  reaction  scheme,  one  of  the  products  is  always  leached  out 
so  the  reduction  reaction  will  not  be  hampered  by  formation  of  a  solid 
product  coating  on  any  of  the  reactants.  Nd203  will  be  converted  into 
NdOCl  which  will  be  on  the  metallic  pool  in  the  salt  phase  and  so  will 
be  easily  reduced  by  calcium  dissolved  in  the  salt  phase.  The  metallic 
pool  will  not  be  contaminated  with  Nd20g  because  of  its  conversion  into 
NdOCl,  and  the  Nd  produced  should  be  free  from  oxygen  typically  found  as 
Nd20g  inclusions  in  the  metallic  phase. 
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Table  1. 

Operating  Parameters 

of 

the  Experiments  Described 

in  Tables  2,  and 

3 

Parameter 

Table  2 

Table  3 

Container 

fa 

mild  steel  with  fins 

Temperature,  K 

1000 

1020  except  980  for 
expt.  11  and  1060  for 
expt.  12 

Extraction  pool 

~300  g  of  88.2 

w/ o 

N’d* 

400-500  g  of  -83.5  w/o 

Nd* 

11.8 

w/o 

Zn 

16.5  w/o 

Fe 

Reductant 

91  A  g  Ca  (10% 

excess) 

91.8  g  Ca  (10%  excess) 

*  ~20  g  Na* 

-  -20  g  Na 

Stirrer 

Tantalum 

-- 

Stiri  :ng  Rates 

300  rpm  for 

4  h 

60  rpm  for 

1  h 

"  Some  exceptions  noted  elsewhere  in  tables  oi  text. 


Table  2.  Description  of  the  Experiments  of  Nd20g  Reduction 
With  Ca  Using  a  Nd-Zn  Extraction  Pool 


Salt  Phase 


Expt . 

Initial 

Amount 

(g) 

Initial  Composition 
w/o  CaClg  w/o  NaCl 

Nd  Re 
Amount 
(g) 

covery 

Yield 

(w/o) 

1 

740 

65.5 

34.5 

65.3 

65.3 

2 

785 

90 

10 

170.5 

85.3 

3 

1178 

(1219)* 

90 

10 

195.7 

97.9 

4 

1116 

75 

(71.1) 

25 

(28.9) 

194.9 

97.5 

5 

1066 

60 

(68.5) 

40 

(31.5) 

99.1 

49.6 

6 

1098 

70 

30 

192.2 

96.0 

(  )  Indicates  final  amount  or  composition  of  the  salt  phase. 
»  Additional  NaCl  added  in  an  attempt  to  liquify  the  melt. 
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Figure  3.  Schematic  diagram  of  the  reduction  apparatus. 


Figure  4.  Yield  versus  CaC^  content  of  the  salt  phase. 
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Till.  dTUDY  ON  T 111-:  DI oaOLV  1  NO  LOSS  01-  1(A.;K 
[  All  1 1 1  Ml  TALd  IN  ITU  kECL)-KCL-CaF2  MELT 

Xu  Xiuztii;  Wei  Xujun;  Chen  Yong 

Northeast  University  of  Ter hne logy, 
Shenyang,  China 


AUSTUACT 

The  dissolving  loss  of  the  mixed  rare  earth 
metals  (HE)  in  the  RKClj— KC1  me  1 t  was  i nves  t i - 
gated  under  laboratory  conditions  with  CaKo  as 
an  additive.  The  effects  of  both  the  Cal'2  con¬ 
tent  and  the  melt  temperature  on  the  dissolving 
loss  were  discussed.  The  results  show  that  the 
addition  of  Cal's  to  the  UECI3-KCI  melt  can  re¬ 
duce  the  dissolving  loss  of  HR,  and  that  the 
minimum  dissolving  loss  occurs  at  about  in 

weight  of  Cal'2  within  the  studied  range. 


1.  INTRODUCTION 

During  the  electrolysis  process  in  molten  silts,  it  is 
commonly  found  that  the  electrolyte  colour  in  the  vicinity 
of  cathode  turns  dark,  viscosity  increases,  transparency 
decreases  and  current  efficiency  is  lowered.  This  is 
because  of  the  dissolution  of  the  metals  which  are  the  ca¬ 
thode  products  hi  the  molten  sills.  J he  metals  dissolving 
loss  in  the  electrolyte  is  one  of  t  he  major  reasons  which 
cause  the  current  efficiency  to  be  low. 

According  to  a  previous  report0*,  the  solubility  of 
rare  earth  metals  in  molten  salts  is  pretty  high.  There¬ 
fore,  in  order  to  raise  the  current  efficiency  during  rare 
earth  electrolysis  in  molten  salts,  it  is  necessary  to  try 
to  explore  and  create  such  conditions  uniter  which  only  mi¬ 
nimum  dissolving  loss  occurs. 

On  the  basis  of  previous  work  in  the  present 

study  we  chose  the  REC1,-KC1  system,  which  is  now  commonly 
used  in  industry;  with  Caf7as  an  additive,  we  studied  the 

pattern  of  UK  dissolving  loss  in  the  rtEU 1 3-kCl -La Ki  melt, 
so  thut  it  will  provide  useful  information  for  the  deter¬ 
mination  of  the  optimum  process  conditions  of  rare  earth 
electrolysis  in  molten  salts. 
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II.  r.XPi  UlMI  NTAL 


1.  Materials  and  Reaqents 

The  nixed  rare  earth  was  boupbt  from  Shanghai  Yuelonp 
1*1  ant  of  Chemical  Knpinoerinp,  with  purify  of  99>  .  The 
mixed  rare  earth  chlorides  were  prepared  and  dehydrated 
in  vaccum.  KCl.'ICl  and  Cal'S  are  all  of  analytical  qrade. 
Arpon  is  of  99.993'  purity  ana  was  fuither  purified. 

2.  Experimental  method  and  apparatus 

The  experimental  apparatus  was  described  previously^  . 
The  sample  of  the  mixed  rare  earth  metals  {2.2  i  0,2p) 
together  with  the  mixed  salts  of  25q  was  put  in  a  molybdenu 
crucible  which  was  i n  an  air-tieht  stainless  steel  container 
Under  the  protection  of  argon,  the  container  was  maintained 
at  a  constant  temperature  for  1  hour,  then  cooled  naturally 
The  loss  amount  was  obtained  by  weighing  the  sample  before 
and  after  the  above  procedure. 

3.  Kxperimental  design  and  data  processing 

In  this  paper,  the  research  plan  was  arranged  by  adopted 
conbi na toria 1  design  with  orthogonal  regression.  According 
to  the  literature^  and  the  practice  in  industry,  tne  Kell 
contents  of  40  wt?  was  chosen.  Variation  ranges  of  the  two 
experimental  factors  are  2-6  wt'/  for  (,'a  and  82<>-400”C  for 
tempo  ra tore . 

The  experimental  data  are  given  in  table  1.  Having 


Table  1.  KK  lost  amount  under  different  conditions. 


Order 

1  Dps  i  gn  matr  i  x 

lost  amount  in  25g  mixed 
melts  ( g  ) 

Average 

* 

X1 

#  n 

x2 

ml 

m  2 

m3 

m 

1 

-1 

-1 

0.7938 

0.8732 

0.8083 

0 . 25 1 

2 

0 

-1 

0.8686 

0 . 8669 

0.9132 

0.8« 29 

3 

1 

-1 

1 . 3505 

1 .2476 

— 

1.219] 

4 

-1 

0 

O.f.  149 

0.7393 

0.7279 

0.7039 

5 

0 

0 

0.6372 

0.6629 

0.6052 

0.6351 

6 

1 

0 

0.9976 

1 .02  12 

— 

1 .0104 

7 

-1 

l 

0.6942 

0.7119 

— 

0.7231 

8 

0 

l 

0.7826 

0.7101 

0.7960 

0.7729 

9 

I 

i 

1 . 1 025 

0.9813 

0.9395 

1 .0078 

X 

X  |  is 

1 empe  ra t  ore 

( 820— 900°0  ) 
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**  is  Cal'2  content  ( 2— fS  wt^) 

processed  the  experimental  data,  we  obtain  1  lie  following  re¬ 
gression  equation: 

y=68 .4  529-0. 1620t+0.0825C-1 . 3500x1 0_4Ct 
+  9.7f>87xlO_5t2  +  3. 1725xlO-2c2 

where  y  is  tlie  lost  weight  and  C  is  the  Cal?2  content  in  the 
mixed  melt  of  25g,  and  t  is  temperature  (°C). 

In  order  to  examine  the  applicability  of  the  regression 
equation  within  the  experimented  range,  the  contrast  tests 
were  made.  The  comparision  between  the  values  of  measured 
and  calculated  is  given  in  table  2.  It  is  known  from  table 
2,  that  the  maximum  error  of  such  many  factory  affected  dis¬ 
solving  loss  is  less  than  5.3^,  which  is  satisfactory. 


fable  2.  Contrast  test  results 


Cak'2  t  Nteasured  RE  loss  i  Measured  Ca  ]  r  ii  la  ted  '  ^ 


Order 

(wt<) 

( °c ) 

ml  (g)l 

i"2(8) 

-j  average 
;  *(g) 

va  1  ue 

yip) 

r.rror 

1 

3 

820 

0.7330 

0.7689 

0.7510 

0.7606 

-1.26 

2 

5 

840 

0.6648  ■ 

0.6633 

:  0.6640  | 

0.6795 

-2.27 

3 

5 

880 

0.8093 

0.7C95 

0.7894 

0.8333 

-5.27 

By  partially  differentiating  the  above  equation, we  obtain 
the  minimum  HF  dissolving  loss  at  Cal2  content  of  4.45^  and 
temperature  of  839°C, 


III.  RESULTS  AMI  DJoCUSSION 

1.  Effect  of  temperature  on  RE  dissolving  loss 

The  relationship  between  temperature  and  KE  dissolving 
loss  is  shown  in  Fig.  1.  rhat  is,  temperature  t  is  quadra- 
ticly  related  to  RE  dissolving  loss  y.  From  Fig  1,  we  can 
apparently  see:  the  minimum  HE  dissolving  loss  occurs  at 
temperature  of  835-845°C.  At  lower  temperature,  raising 
temperature  makes  HE  dissolving  loss  decrease  a  little, 
while  at  higher  temperature,  raising  temperature  makes  KE 
dissolving  loss  increase  apparently.  This  is  mainly  because: 
At  higher  temperature,  the  diffusion  coefficient  is  larger, 
which  henoe  hastens  the  dissolving  rate  of  metals. 

2.  F^ffect  of  CbF2  content  on  KE  dissolving  loss 

The  relationship  between  HE  dissolving  loss  and  Cal-2 
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Fig  1.  Relationship  between  UK  dissolving 
loss  and  temperature 


U 


Fig  2  .Relationship  between  Ro  dissolving 
loss  and  t'ah'2  content 

content  is  shown  in  Fie.  2,  from  which  one  can  see:  At 
certain  temperatures,  when  CaFj  is  smaller  than  47?,  HE 
dissolving  loss  decreases  gradually  with  increasing  CaF2 
content.  At  Ca  I2  content  4-57? ,  UF.  dissolving  loss  is 


minimum  at  Riven  I  emperat  u  res .  The  minimum  value  is  at  tem¬ 
perature  of  8-10°C  and  Cal’j  of  -1  .  Sf .  When  Cal' 2  content  is 
larger  than  Iff ,  TK  dissolving  loss  tends  to  increase. 

IV.  CONCUR  1  ON 

1.  The  addition  of  Cai-’-j  into  the  HKCl-j-KCl  melt  apparen¬ 
tly  re'tnees  the  hK  dissolving  loss  in  the  melt,  t'nder  1 1 > e 
experimented  conditions  and  within  the  studied  range,  the 
mini'iuim  HI-  loss  occurs  at  CaF-»  of  .V/  and  temperature  of 
840°C. 

2.  A  regression  equation  of  Mi  dissolving  loss  in  the 
melt  is  obtained,  which  is  applicable  within  820-9UO°C  for 
temperature  and  2-6?  for  Cal  2  content. 
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THE  ROLE  OF  OXIDE  SOLUBILITY  IN  THE  ELECTROCHEMICAL 
EXTRACTION  OF  RARE  EARTH  ELEMENTS  FROM  FUSED  FLUORIDES 

A.  Mitchell  and  B.  Thomas 
Department  of  Metals  and  Materials  Engineering 
The  University  of  British  Columbia 
Vancouver,  B.C.  ,  V6T  1W5,  Canada 

ABSTRACT 

The  major  problems  of  operation  in  oxide/fluoride  cells  for  the 
production  of  rare-earth  elements  have  been  those  of  balancing  the  low 
deposition  rates  necessitated  by  low  oxide  solubility  against  the  cell 
heat  balance.  Unlike  the  Hall-Heroult  electrolyte,  the  suitable 
electrolytes  for  rare-earth  deposition  have  a  very  limited  solubility 
for  the  oxides.  We  have  used  an  electrical  conductivity  technique  to 
analyse  the  oxide  solubility  as  a  function  of  temperature  for  Ce09, 
La70^  and  ^2^  in  the  appropriate  fluoride  solvents.  The  saturation 
solubility  In  all  cases  is  in  the  range  of  1-2  wt?  oxide  over  the 
temperature  range  of  interest.  However  the  effect  of  oxide  solution 
on  the  fluoride  conductivity  is  great  enough  to  permit  the  device  we 
have  used  to  be  employed  as  a  process  monitor  controlling  oxide 
additions.  We  are  thus  able  to  avoid  both  over-feeding  and  anode- 
effect  difficulties  in  the  cell  operation.  The  implications  of  this 
technique  in  the  overall  cell  operation,  particularly  in  the  thermal 
regime,  are  discussed. 

INTRODUCTION 

The  operation  of  commercial  fused-salt  electro-extraction 
processes  usually  involves  either  electrolysis  of  an  anhydrous 
chloride,  with  or  without  a  carrier  electrolyte,  or  alternatively  the 
electrolysis  of  an  oxide  dissolved  in  a  suitable  fluoride  solvent. 
Although  the  former  case  has  been  practised  for  many  years  in  rare- 
earth  metal  extraction,  there  are  obvious  economic  gains  to  be  made  in 
developing  an  oxide-based  process. 

The  rare-earth  elements  have  many  similarities  to  aluminum  and  we 
might  anticipate  that  such  a  process  would  operate  in  a  manner  akin 
to  the  Hall  cell.  The  fundamental  chemical  reasons  for  the  success  of 
this  cell  are  strongly  connected  to  the  fact  that  cryolite  will 
dissolve  a  substantial  amount  of  alumina  at  a  reasonable  operating 
temperature.  This  fact  In  turn  permits  cell  operation  at  economic 
temperatures  within  the  oxide  concentration  limiting  ranges  defined  by 
oversaturation  and  anode  effect.  In  addition,  the  penalty  for 
oversaturating  the  cell  in  oxide  by  miscalculation  of  the  alumina 
feed-rate  Is  not  severe  since  the  excess  alumina  floats  ( o  =  1.56)  on 
cryolite  (p  =  2.10)  rather  than  falling  to  the  sa It /cathode  interface 
and  open-circuiting  the  cell.  This  sequence  of  fortunate  chemical 
circumstances  is  met  within  only  a  very  few  other  element  systems,  and 
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although  a  parallel  for  the  Hall  cell  has  been  sought  for  Mg,  Ca , 
Ti  and  Zr,  none  has  yet  been  developed. 

The  rare-earths  have  been  prepared  by  using  oxirie/f luoride 
cells.  Cray^  used  an  exte rua 1 ly-heated  carbon  cell  with  a  graphite 
anode  and  a  molybdenum  cathode  and  succeeded  In  producing  Ce  metal 
from  Ce02  dissolved  in  an  electrolyte  of  CeFj+  LiF  +  BaF,.  This 
work,  was  also  the  first  application  of  electrolysis  under  an^inert 
(argon)  atmosphere  for  rare-earth  preparation.  Similar  cells'-  have 
been  operated  more  recently  but  on  a  small  scale,  making  up  to  350 
g/hr  of  Ce  metal  at  a  current  efficiency  of  up  to  90%.  Attempts  to 
operate  such  cells  for  the  protracted  periods  necessary  in 

commercial  production  have  highlighted  several  fundamental 
problems.  The  most  Important  of  these  is  that  any  addition  of 
oxide  in  excess  of  the  solubility  limit  in  the  fluoride  solvent 
will  cause  a  "sludge”  to  form  in  the  cell  on  top  of  the  liquid  Ce 
cathode.  This  "sludge"  then  causes  Irregular  deposition  of  Ce , 
reduces  the  current  efficiency,  changes  the  cell  heal  balance  and 
ultimately  stops  the  cell  operation.  The  composition  of  the 
deposit  is  variable,  but  appears  to  consist^  of  cerium  sesquioxidc, 
cerium  oxy-fluoride  and  cerium  metal.  It  does  not  form  when  the 
cerium  oxide  content  of  the  electrolyte  is  less  than  the  solubility 
limit. 

1  2  3 

Gray  ,  Morrtce  et  al  and  Porter  all  made  indirect  estimates 
of  the  solubility  of  CeO?  in  the  electrolyte  they  used  (73  wt% 
CeF^,  12  wt%  BaF2,  15  wt  Z  LiF)  using  oxygen  analysis  of  quenched 
samples  to  determine  the  oxide  content.  Their  values  were  also 
linked  to  visual  observations  of  the  solution  rate  of  further  oxide 
additions.  The  values  found  range  from  2-3  wt %  at  800°C  to  2-5  wt% 
at  850°C.  Whilst  there  may  be  inaccuracy  in  these  determinations, 
the  results  highlight  the  important  fact  that  cerium  oxides  are 
relatively  insoluble  in  fluorides  as  compared  with  A^O^  in 
cryolite.  It  is  clear  that  an  unreal i st lea  1 ly-h i gh  cell  operating 
temperature  would  be  required  to  reproduce  the  Hall  cell  conditions 
and  therefore  that  we  must  have  a  precise  knowledge  of  oxide 
solubility  in  order  to  operate  the  cell  successfully.  The 

objective  of  the  present  work  is  to  define  the  oxide  solubility  and 
to  Indicate  how  it  may  be  controlled. 

EXPERIMENTAL 

Solubility  Determinations 

The  starting  materials  used  are  listed  in  Table  I  and  were 
dried  under  argon  at  the  indicated  temperature.  Any  subsequent 
exposure  to  air  was  kept  to  a  minimum  and  the  experimental  cell  was 
held  under  argon  during  all  operations  involving  oxide  or 
fluorides . 


The  electrolyte  composition  used  In  earlier  work  had  not  been 
defined  and  as  a  preliminary  Investigation  we  attempted  to  define 
an  electrolyte  composition  as  having  the  maximum  CeF-j  content  and 
the  minimum  melting  temperature.  Differential  thermal  analysis  on 
a  range  of  CeF^-rich  CeF^  +  BaF>  +•  LIF  ternary  compositions 
confirmed  that  the  composition  73  wt%  CeF^+  12  wt%  BaF2  *■  wt^ 
LIF  was  the  optimum  composition  for  this  definition. 


TABLE  l 


Composition  and  Sources  of 

Material? 

Drying  Temp. 

Ce0-> 

99.9% 

L’nocal  Inc. 

850°C  (24h) 

CeF} 
8a  F  9 

99.9% 

400  °C  (24h) 

99.5% 

Alfa  Chemicals 

400 °C  (2410 

UF2 

99 . 5% 

Lithium  Corp.  of 
America  Inc. 

400',C  ( 24h ) 

analyst 

s  of  quenched  ‘i-irp^les  of 

this  electrolyte 

fusion  failed  to  reveal  any  Ce',T  content  a  hove  the  limits  of 
analysis  (0.1  wt^  Ce4+).  The  determi nat ion  method  chosen  was  that 
of  electrical  conductivity* 


The  experimental  apparatus  (Fig.  1)  consists  of  a  50mm 
diameter  by  80mm  high  graphite  crucible  which  (s  placed  In  a 
vertical  tube  furnace.  The  furnace  consists  of  a  54mm  diameter 
stainless  steel  pipe  which  Is  surrounded  by  two  650  watt  chromel 
elements.  The  elements  are  Insulated  with  approximately  100mm  of 
flberfax  insulation.  The  pipe  is  sealed  at  both  top  and  bottom 
with  water  cooled  copper  plates  which  are  held  in  place  by 
tube  clamps.  Argon  is  fed  in  through  the  bottom  of  the 

furnace  to  maintain  an  Inert  atmosphere.  A  25mm  diameter  fused 
quartz  tube  extends  vertically  from  the  furnace.  The 

conductivity  probe  rests  In  this  tube  when  not  In  use.  A  15mm 
diameter  fused  quartz  tube  is  attached  horizontally  to  the 

vertical  tube.  This  is  used  as  the  feeding  port  for  the  cerium 
oxide.  The  conductivity  probe  (Fig. 2)  consist  of  a  1mm  diameter 
molybdenum  wire  as  one  electrode  and  a  16mm  diameter  concentric 
molybdenum  tube  as  the  other  electrode.  A  Hewlett  Packard  4328A 
ml l l iohmmet e r  is  used  t>  measure  the  resistance  between  the 
electrodes . 


A  four  lead  probe  consisting  of  separate  leads  for  current  and 
voltage  measurements  Is  used.  Two  of  the  leads  are  used  to  Impose 
an  alternating  current  between  the  elecrodes,  and  Lwo  separate 
leads  are  used  to  measure  the  voltage  drop  of  the  imposed  current. 
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This  enables  the  voltmeter  to  have  a  very  high  internal  resistance, 
and  thus  eliminates  errors  due  to  lead  resistance  and  contact 
resistance . 

This  mi  lliohmmeter  uses  a  high  frequency  (IKHz)  low  amperage 
current  (5mA).  This  ensures  that  there  are  no  measurement  errors 
due  to  electrolytic  polarization  and  capacitance  effects.  A 
concentric  tube  conductivity  c*ll  Is  used  instead  of  the  usual 
parallel  plate  cell  to  prevent  Interference  from  parallel 
electrical  paths  through  the  fused  salt  bath"*. 


The  cylindrical  geometry  of  the  conduct l vi ty  cell  results  in 
a  cell  constant  that  is  independent  of  the  crucible  geometry  or  the 
cell-crucible  distance.  The  cell  constant  is  dependent  solely  on  a 
reproducible  immersion  depth.  This  method  is  more  precise  and 
easier  to  operate  than  a  parallel  plate  cell.  A  platinum-platinum 
10#  rhodium  thermocoule  was  used  to  measure  the  salt  temperature. 

FXPFR IMF %' T A L  RFSCKT S 

The  saturation  solubility  of  cerium  oxide  in  a  CeF  ^-Li  F-BaF ; 
melt  was  determined  by  noting  the  point  at  which  additional  amounts 
of  cerium  oxide  did  not  decrease  the  conductivity  of  the  melt. 
Figure  3  shows  the  relationship  between  conduct i vi ty  and  amount  of 
cerium  oxide  added.  From  this  figure  the  saturation  solubilities 
were  obtained.  Thus,  the  amount  of  cerium  oxide  in  the  cell  can  be 
controlled  by  monitoring  the  conductivity  of  the  bath.  At  800°C, 
the  saturation  solubility  occurs  at  a  conductivity  of  2.15  ► 

0.05  ohm*"  cm*1.  The  oxide  content  of  an  electrolytic  cell  could 
he  controlled  by  keeping  the  conductivity  between  2.20  and  2.40 
ohm-^  cm"  . 

The  influence  of  the  composition  with  respect  to  fluoride,  was 
also  determined  by  varying  the  bath  composition.  It  was  observed 
that  when  the  cerium  fluoride  content  is  increased  there  is  a  small 
increase  in  the  solubility  of  approximately  0.1  wt  %  for  a  bath 
containing  80%  CeF^. 

At  the  oxygen  potential  In  equilibrium  with  solid  ^graphite, 
we  would  not  expect  a  significant  reduction  of  Ce“*  to  Ce. 
However,  to  examine  the  influence  of  this  factor,  a  series  of 
experiments  parallel  to  the  above  was  carried  out  with  cerium 
metal  added  to  the  crucible.  We  did  not  observe  any  detectable 
change  in  the  solubility  behaviour.  The  oxide  precipitated  on 
freezing  in  both  cases  was  identified  as  Ce^O^  as  would  be 
expected  from  the  ntio  of  Ce  /Ce-5  in  the  electrolyte. 

Determinations  of  the  saturation  solubility  of  La^O^  and 
have  been  carried  out,  using  the  equivalent  salt  solutions 
in  temperature  ranges  appropriate  for  electrolytic  cell  operation. 
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4s  will  be  seen  from  Figs.  U  &  5,  the  solution  behaviour  is 
similar,  but  with  a  more  restricted  solubility  range. 

DISCUSS [ON 

It  is  seen  from  the  above  results  that  the  solubility  range 
of  rare-earth  oxides  in  appropriate  fluoride  electrolytes  is  very 
small.  We  may  readily  see  why  the  problem  of  overfeeding  his  been 
so  persistent  in  these  electrolytic  cells.  The  small  potential 
operating  range  between  the  onset  of  mode  effect  and  over- 
saturation,  combined  with  the  severe  problem  of  heat  balance 
control  implies  that  cell  operation  will  he  possible  only  with 
very  good  on-line  controls  of  oxide  concent r a t i on  and  oxide 
temperature.  To  this  end  we  would  propose  to  operate  such  a  cell 
with  an  on-line  predictive  heat  balance  to  control  temperature  and 
an  Immersion  resistance  device  similar  to  that  of  Hg.2  to  control 
oxide  content.  These  operating  structures  have  been  constructed 
and  have  been  shown  to  operate  sat i sf actor i 1 v  at  the  labor  itorv 
scale* 
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APPLICATION'S  OF  MOI.TKN  SALTS  IN  PLUTONIl'M  PROCESS  I  NO 


I).  F.  Bowersox,  D.  C.  Christensen,  and  .1.  I).  Williams 
Los  Alamos  National  Laboratory>  Los  Alamos,  NM  87545 


ABSTRACT 


Plutonium  is  efficiently  recovered  from  scrap  at 
Los  Alamos  bv  a  series  of  chemical  reactions  and 
separations  conducted  at  temperatures  ranging  from  .‘(>u 
to  900°C.  These  processes  usually  employ  a  molten  salt 
or  salt  eutectic  as  a  heat  sink  and/or  reaction  medium. 

Salts  for  these  operations  were  selected  early  in  the 
development  cvcle.  The  selection  criteria  are  being 
reevaluated.  In  this  article  we  describe  the  processes 
now  in  use  at  Los  Alamos  and  our  studies  of  alternate 
salts  and  eutectics. 

INTRODUCTION 

Pvrochemical  processes  are  defined  as  nonaqueous  operations  conducted 
at  elevated  temperatures.  Records  indicate  that  crude  mt  t hods  for 
producing  some  metals  existed  as  early  as  1000  P>0  .  Copper,  silver,  tin. 
lead.  gold.  iron,  and  steel  were  made  pvrochemical 1 v  by  lOOu  ft1'. 

Pvroineta  1  lurgv  is  still  employed  to  make  iron,  copper,  zinc,  and  nickel  : 
however,  the  modern  application  most  similar  to  the  plutonium  process  is 
that  used  to  produce  aluminum. 

Reductions  of  uranium  and  plutonium  tetraf  luor  ido  to  metal  v*.  re¬ 
developed  by  R.  D.  Baker  and  co-workers  during  the  Manhattan  Project.1’' 
However.  most  recovery  of  plutonium  has  been  bv  aqueous  methods  developed 
after  World  War  II.  In  the  1950s.  proposes  to  build  metal  fueled  fast 
reactors  led  to  studies  of  pvroprocess  ing  spent  fuels.  In  such  cas«*s . 
uranium  and  plutonium  could  oe  purified  without  altering  their  metallic 
states.  With  adoption  of  the  concept  of  oxide  fuels,  development  of 
pvrochemical  reprocessing  was  no  longer  emphasized.  However.  the  results 
from  these  earlier  studies  were  adapted  into  our  pvrochemical  scrap 
recovery  program.  The  recent  proposal  by  Argonne  National  Laboratory  of 
the  Integrated  Fast.  Reactor,  which  utilizes  a  metallic  fuel,  includes 
pvrochemical  processing  of  spent  fuels  and  the  spent  blanket.3 
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At  Los  Alamos,  high  purity  plutonium  metal  is  prepared  from  process 
residues  bv  the  flow  diagram  shown  in  Fig.  1.  The  two  major  process  steps 
ro  produce  metal  (usually  still  impure)  are  direct  reduction  of  plutonium 
dioxide  and  conversion  of  oxide  to  fluoride  by  hydrof luorinat ion  followed 
hv  reduction.  If  the  americium  content  is  high,  either  step  is  followed  by 
molten  salt  extraction.  The  impure  metal  is  then  vacuum  cast  to  shane  and 
converted  to  high  purity  metal  bv  electrorefining.  The  rompl^xitv  of  the 
process  is  increased  because  residues  and  wastes  rust  be  treated  to  recover 
ill  of  the  plutonium. 

The  pvrochemical  research  and  development  section  at  Los  Alamos  was 
formed  to  demonstrate  an  Integrated  scrap  recovery  process  and.  as  a  result 
of  this  demons t r  it i on.  to  provide  high  purity  metal  for  other  programs.  In 
our  studies,  we  also  study  methods  to: 

•  Develop  and  demonstrate  improved  pvrochemical  processes, 

•  Decrease  waste  generation  while  increasing  productivity. 

•  Establish  and  maintain  an  expertise  in  plutonium  chemistry  and  in 
pvrochemical  operations,  and 

•  Transfer  applicable  technology  to  others  in  the  nuclear  community. 

In  this  report,  the  four  major  steps  in  processing  plutonium  bv  our 
}  methods  will  be  described.  Salts  and  eutectics  in  use  and  promising 

alternatives  will  be  discussed. 

MAJOR  PROCESSES 

Hyd  rofluori  nation  and  Plu  tonium  Tet  ra  flu  orijl  e  Re  due  t  ion  .  In  the 

hvdrof luorinat ion  and  plutonium  tetraf luoride  reduction  process,  plutonium 
peroxide,  oxalate,  or  low-fired  (under  800°C)  oxide  is  converted  to  the 
tetrafluoride  by  hydrogen  fluoride  gas.  Plutonium  metal  is  produced  at 
L i gh  pressure  by  the  high  temperature  reaction  between  the  fluoride  and 
calcium  metal.  A  booster,  such  as  iodine,  initiates  the  reaction 

PuF/+  +  3Ca  +  1 2  -*  Pu  +  2CaF-7  +  Cal  •>  i  1  > 
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..it  about  600°C.  While  the  slag  residue  remains  molten,  the  more  dense 
plutonium  sinks  to  the  bottom  of  the  crucible,  and,  upon  cooling,  the  metal 

ool  icii  x  fi  L  0  '  ,ti 

The  waste  streams  from  this  process  are  a  calcium  iodide -calcium 
fluoride  slag,  the  reaction  crucible,  and  magnesia  sand  (which  is  reused). 
Any  plutonium  remaining  in  the  slag  or  crucible  is  recovered  by  aqueous 
processing.  Off-gases  from  the  fluorinatlon  are  scrubbed  and  discarded. 

The  relatively  small  volume  of  residue  and  -waste  constitutes  a  major 
advantage  of  this  process.  Little  or  no  purification  occurs  during  the 
processing.  On  the  other  hand,  no  impurities  are  introduced  from  the 
process.  Therefor*.-,  if  the  feed  material  is  sufficiently  pure,  the  product 
metal  is  satisfactory  for  high  purity  applications.  Yields  arc-  usually 
i  i  i  y).  \ .  v a  r  v  i  ng  from  9  7  t  o  V  %  . 

The  high  neutron  radiation  Held  generated  bv  the  i alpha,  neutron) 
reaction  is  a  major  disadvantage  in  the  process  because  it.  constitutes  a 
hazard  for  the  personnel.  The  high  pressure  system,  the  high  temperatures 
of  reaction,  and  the  highly  corrosive  gas  are  also  potential  hazards. 
Finally,  high- fired,  refractory  oxide  does  not  hydrof 1  nor inate  and  cannot 
be  re  d  uo  ed  to  me*  t  a  1  by  t  h  i  s  p  roc  ess. 

From  a  long-range  view,  a  major  change  in  this  process  would  be- 
replacement  bv  a  method  employing  plutonium  trichloride  as  the  intermediate 
reactant.  Such  a  process  might  use  controlled  potential  for  metal 
•-.«  pa  rat  ion  by  deposition  rather  than  by  chemical  re-duct-ant.  The  new 
process  would  yield  high-puritv  metal  and  eliminate  the  high  radiation 
field. 

In  work  at  Hanford  in  the  early  sixties,  the  trichloride  was  produced 
and  tested  as  an  alternate  processing  route.  However.  corrosion  problems 
and  difficulty  in  obtaining  high  yields  with  refractory  oxides  led  to 
adoption  of  a  nitrate.  aqueous  system.4  We  have  produced  plutonium 
trichloride  from  oxide  on  a  100  g  scale  and  reduced  the  product  to  metal 
with  calcium  under  several  conditions.* 

In  the  pyroredox  process.6  plutonium  trichloride  is  produced  in  a 
potassium  chloride  merit  bv  the  reaction  of  zinc  ch1o»'ide  with  impure 
plutonium  metal.  The  reaction  is 


2PuC13  +  3Zn . 


2Pu  +-  3ZnCl?  - 


The  zinc  button,  which  contains  the  less  reactive  impurities.  is 
mechanically  separated  from  the  salt  and  transferred  to  waste.  The  salt  is 
then  contacted  with  calcium  to  produce  metal: 


2PuClj  f  3Ca  -  3CaClj  f  2Pu. 


The  salt,  which  contains  the  impurities  more  reactive  than  calcium.  is 
discarded  or  recycled.  The  impure  metal.  which  contains  significant 
amounts  of  calcium,  is  further  treated  and  elect  rove  fined  to  produce  high 
purity  plutonium.  This  process  would  he  applicable  to  lean  plutonium 
streams;  at.  present,  it.  is  used  for  recovering  plutonium  from  spent,  anodes 
produced  by  electrorefining. 

Direct.  Oxide  Reduction.  Most  scrap  containing  plutonium,  can  be 
coverted  to  oxide  by  burning,  in  air  at  an  elevated  temperature.  In  the 
direct,  oxide  reduction  process  ('DOR),  this  oxidation  is  carried  out  at 
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the  calcium  oxide  produced  as  a  by-product  .  As  shown  bv  : ht  phase  diagram, 
Pig.  2.  the  oxide  is  soluble  up  to  about  A)  mol  percent  <  ir  •  *  1  .  9  The-  me :  a  I 
button,  containing  97-90%  of  the  feed  plutonium,  is  mechanically  separated 
from  the  salt. 
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The  fused  salt  block  is  counted  to  ensure  a  low  plutonium  content  and 
discarded  as  low  level  waste.  The  metal  button  is  transferred  to  the  next 
processing  step.  The  volume  of  spent  salt  is  the  largest  residue  formed  in 
the  integrated  process.  Studies  have  beer,  shown  that  i*  can  be  regenerated 
to  calcium  chloride  and  recycled.  The  chloride  -  oxide  mixture  is  melted  and 
maintained  at  850°C  while  chlorine  is  bubbled  through  the  liquid  melt. 
Under  our  operating  conditions,  the  reaction: 

Cl2  +  2CaOCaCl2  -  3CaCl2  +  02  (5) 

proceeds  until  the  salt  contains  less  than  0.1%  oxygen.9  Approximate lv  5  kg 
of  spent  salt  is  converted  to  usable  chloride  in  less  than  two  hours.  The 
regenerated  melt  is  purged  with  argon,  transferred  and  cast  for  recycle. 

Plutonium  metal  produced  with  the  regenerated  salt  is  comparable  to 
that  produced  with  first-pass  salt.  By  recycling,  very  little  plutonium  is 
discarded  in  spent  salt  and  residue  volumes  are  significantly  decreased. 
Salt  has  been  cycled  up  to  ten  times  with  no  detectable  buildup  of 
impurities.  Yields  averaged  98%.  Potential  waste  reductions  of  80%  are 
calculated  by  utilizing  regeneration  and  recycle. 

The  standard  DOR  process  produces  an  impure  button  containing 
magnesium,  which  may  be  caused  by  the  reaction  of  the  magnesia  crucible 
wall  with  calcium  in  the  melt: 

MgO  +  Ca  -*  CaO  +  Mg  (6) 

This  reaction  can  be  minimized  by  adjusting  the  process  parameters  such  as 
stirring  rate,  excess  calcium,  and  operating  temperature.  Tests  employing 
boron  nitride  crucibles  have  also  been  promising. 

The  calcium  chloride  salt  was  initially  chosen,  along  with  calcium  as 
the  reductant,  because  the  oxide  by-product  is  soluble  in  the  salt. 
Similar  solubility  has  been  reported  in  the  lower  melting  calcium  chloride- 
calcium  fluoride  eutectic.  Ue  are  currently  comparing  data  such  as  yields 
from  experiments  employing  either  regenerated  calcium  chloride  or  a 


fluoride  eutectic  with  the  results  of  the  reference  DOR  utilized  in  the 
integrated  processes.  Metal  has  been  produced  in  the  fluoride  eutectic 
system  at  temperatures  belcw  the  melting  point  of  calcium.  At  these 
temperature.**  reaction  with  the  crucible  wall  is  minimized  and  thus 
magnesium  metal  generation  is  reduced.10  The  lower  temperature  should  also 
increase  furnace  life.  The  salt/metal  interface  is  also  very  well 
delineated  and  salt  occlusion  in  the  metallic  phase  has  not  been  observed. 
Additional  data  are  being  collected. 

Molten  Salt  Extraction.  The  more  reactive  elements  such  as  americium, 
the  rare  earths,  alkali  metals  and  alkaline  earth  metals  can  be  separated 
from  plutonium  by  the  molten  salt  extraction  process  (MSE).  A  ternary  salt 
composed  of  a  calculated  quantity  of  an  oxidizing  agent  and  a  eutectic  salt 
is  contacted  with  impure  metal.11  The  more  reactive  elements,  such  as 
americium,  along  with  some  of  the  plutonium,  are  oxidized  into  the  salt 
phase.  Most  of  the  plutonium  remains  in  the  heavier  metal  phase,  and  upon 

cooling  forms  a  metal  button.  At  Los  Alamos,  the  MSE  process  is  employed 

when  the  americium  would  not  be  sufficiently  reduced  by  electrorefining 
[generally  greater  than  1000  parts  per  million  (ppm) 1 .  Magnesium  chloride 
is  used  as  the  oxidizing  agent  in  a  sodium  chloride  -  potass i um  chloride 
eutectic.  The  major  reactions  are 

2 Am  +  3MgCl2  -  2AmCl3  +  3Mg  (7) 

2Pu  +  3MgCl2  -  2PuC13  +  3Mg,  and  (8) 

Am  +  PuCl3  -*  AmCl3  +  Pu.  f9) 

The  americium  and  plutonium  concentra t ions  in  the  salt  are  dependent  on  the 
amount  of  oxidant  added,  the  concentrations  of  the  elements  in  the  impure 


metal  feed,  the  operating  temperature,  the  number  of  contacting  stages  and 
the  mode  of  operation.  Under  our  operating  conditions,  90%  of  the 
americium  and  1-3%  of  the  plutonium  are  transferred  into  the  salt.12  This 
plutonium  must  be  recovered  before  the  salt  is  discarded  to  waste.  The 
relatively  high  americium  content  of  the  salt  is  a  radiation  hazard.  The 
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americium  is  potentially  valuable,  and,  if  it  were  recovered,  the  salt 
could  be  recycled. 

In  extractions  wher**  plutonium  trichloride  was  substituted  for 
magnesium  chloride  as  the  oxidizing  agent,  more  americium  was  extracted.1* 
In  addition,  magnesium  was  not  introduced  by  the  process.  The  reaction  is 

3 Am  +  2PuCI3  -  2Pu  +  3AmCl2.  110) 

The  black  salt  formed  during  the  extraction  has  been  reported  as  containing 
divalent  americium.12,13  We  plan  to  calculate  the  distribution  constant  tor 
this  reaction  as  a  function  of  concentration  and  temperature.  The 
americium  and  plutonium  in  the  salt  will  be  recovered  either  by  aqueous  or 
pyrochemical  methods;  for  example,  by  controlled  potential  deposition. 

Casting .  Impuiv  metal  buttons  from  DOR  or  MSE  are  collected.  placed 
in  a  tantalum  pour  crucible,  and  vacuum  cast  to  fit  into  the  anode 
compartment  of  our  electrorefining  cell.13  The  buttons  are  heated 
inductively  under  vacuum  until  liquid  and  then  bottom  poured  into  a 
graphite  mold.  Under  the  operating  conditions,  metallic  impurities  such  as 
sodium,  calcium  and  magnesium  are  partially  volatilized.  Additional 
magnesium  and  calcium  evaporate  and  form  a  dark  coating  on  the  container 
walls  during  casting.  Thorium,  americium,  alkali  metals,  alkaline  earth 
and  rare  earth  metals  oxidize  preferentially  and  remain  in  the  pour 
crucible.  Insoluble  impurities,  such  as  oxides,  carbides  and  some  metals, 
float  on  the  melt  surface  and  also  remain  in  the  crucible  as  residue. 
These  residues  are  burned  in  air  and  cycled  back  into  the  recovery  stream. 

Experiments  will  test  the  feasibility  of  replacing  the  casting 
operation  with  either  a  salt  extraction  or  distillation  separation  step. 
The  extraction  would  be  conducted  in  a  vessel  with  a  diameter  suitable  for 
forming  a  right  cylinder  of  metal  to  fit  in  the  anode  cup  of  tin 
electrorefining  cell.  Calcium  chloride  and  various  salt  eutectics  are 
being  tested  in  extraction  experiments  and  results,  to  date.  are  quite 
encouraging . 


Elec t tore f ini ns •  Al  Los  Alamos,  electrorefining  is  the  major  process 
for  converting  impure  plutonium  metal  to  a  high  purity  product.14  Impure 
metal  is  placed  in  the  anode  compartment  within  an  electrorefining  cell 
(Fig.  3).  and  a  sodium  chloride -potassium  chloride  eutectic  containing 
magnesium  chloride  is  added.  The  cell  is  assembled,  placed  under  argon, 
and  heated.  The  salt  eutectic  serves  as  an  electrolyte  for  transport  of 
ionic  species.  The  magnesium  chloride  provides  plutonium  ion  in  the 
electrolyte  prior  to  electrolysis  by  the  reaction 

?Pu  ♦  3MgCl 2  -  3 Mg  +  2PuC13.  (11) 


Current  is  passed  through  the  cell  and  plutonium  is  oxidi;:ed  in  the  anode 
compartment : 


Pu  (impure,  P )  •  -  Puf3  *  3  e'  (12) 

The  positive  ions  are  transported  through  the  molten  eutectic  to  the 
cathode .  where  reduction  occurs: 

Puf  3  +  3  e'  -  Pu  (pure,  £).  *13) 


The  overall  reaction  is 


Pu  (impure,  f)  =  Pu  (pure,  f)  .  (  W) 


and  pure  liquid  plutonium  metal,  collects  direct  lv  below  the  cathode  shield 
in  the  annulus  between  the  outer  cell  walls  and  the  walls  of  the  anode 
compartment.  The  elements  less  active  than  plutonium  remain  in  the  anode 
compartment,  combining  with  residual  plutonium  to  form  a  solid  anode  heel. 
This  spent  anode  must  be  further  processed  to  recover  plutonium. 
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In  electrorefining,  the  elements  more  reactive  than  plutonium 
concentrate  in  the  salt,  along  w1'  th  trivalent  plutonium  and  plutonium  shot 
(believed  to  be  small  uncoalesced  metal  product).  This  salt:  residue  is 
heated  to  800°C  with  calcium  present  as  a  reducing  agent.  The  resulting 
plutonium-ainer ic ium-calc ium  button  is  recycled  into  the  production  stream 
and  the  spent  salt  is  discarded. 

The  purity  of  electrorel ined  buttons  under  our  operating  conditions  is 
typically  greater  than  99.95%,  and  one-pass  yields  range  from  75*80%.  The 
yield  depends  on  the  puritv  of  the  anode  metal.  The  process  has  been  used 
to  produce  high  purity  metal  for  a  number  of  years.15 

Our  research  has  been  concentrated  on  developing  a  solvent  anode  such 
as  cadmium,  bismuth  or  lead  in  which  the  plutonium  in  the  anode  dissolves 
and  is  oxidized  to  depletion.16  Experiments  have  been  quite  successful  with 
little  or  no  plutonium  remaining  in  the  spcuit  anode.  However.  at 
temperatures  above  the  melting  point  of  the  sodium  chi  or  ide  -  potass  i  uni 
chloride  eutectic  the  cadmium  in  the  anode  is  volatilized.  Some  of  this 
metal  condenses  in  the  product,  and  additional  cadmium  is  lost  to  the  walls 
of  the  reaction  vessel.  In  addition  to  experiments  with  lead  and  bismuth 
solvent  anodes,  substitutions  of  lower  melting  eutectics,  such  as  lithium 
chi  or ide - potass ium  chloride.  are  being  evaluated.  Operating  temperatures 
can  then  be  dropped  into  the  675-700°C  range. 

Magnesium  chloride  is  used  to  provide  trivalent.  plutonium  in  the 
electrolyte  upon  initiation  of  electrorefining.  This  eliminates  some,  but 
not  all.  of  the  generation  of  sodium  and  potassium  during  electrolysis . 
However,  this  step  adds  magnesium  to  the  anode,  which  is  an  impurity  that 
may  interfere  with  the  maintenance  of  a  liquid  anode.  Tests  show  that 
plutonium  trichloride  is  a  suitable  substitute  for  magnesium  chloride  in 
the  cell. 

Residues  would  he  reduced  by  recycling  the  spent  anode  t'if  it  is  a 
solvent  anode)  and  the  eutectic  salt.  Impurities  would  probably  build  up 
with  recycle,  and  a  regeneration  step  should  be  evaluated.  Since  the  cost 
of  storage  of  discards  and  residues  is  escalating,  such  a  recycle  could  be 
quite  beneficial. 
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SUMMARY  AND  CONCLUSIONS 

The  present  integrated  pyrochemical  process  for  producing  high  purity 
metal  from  plutonium  scrap  has  been  used  quite  successful lv  at  Los  Alamos. 
Yields  from  a  one-pass  system  are  about  65-75%.  and  the  residual  plutonium 
is  efficiently  recovered  by  a  series  of  secondary  operations.  However, 
yields  can  be  significantly  increased  and  residue  generation  reduced  by 
altering  the  operating  conditions.  Many  of  these  changes  are  related  to 
the  salts  employed  in  the  operations. 

Considerations  of  other  molten  salts  and  eutectics  are  particularly 
interesting  and  potentially  useful  in  the  DOR  process.  The  addition  of 
calcium  fluoride  to  the  present  calcium  chloride  system  to  form  a  lower 
melting  eutectic  produces  a  metal  button  that  docs  not.  adhere  to  the  salt 
The  reaction  can  apparently  be  carried  out  at  lover  temperatures.  thus, 
possibly,  reducing  calcium  reaction  with  the  crucible  wall.  Further  study 
of  reaction  parameters  is  underway. 

A  second  area  of  concerted  studv  in  the  DOR  system  is  regeneration  of 
the  spent  salt  followed  by  recycle.  Development  tests  are  complete,  and  a 
demonstration  has  been  initiated. 

Further  changes  in  casting  could  evolve  from  the*  present  studv  of  the 
DOR  process.  If  DOR  were  combined,  or  followed  by  a  salt  extraction  step 
or  distillation  process  to  remove  magnesium  and  excess  calcium  from  the 
impure  metal  button.  casting,  might  become  unnecessary.  This  is 
particularly  valid  if  a  solvent  anode  operation.  with  no  dimension 
requirements  for  the  anode  materials,  is  adopted. 

Lithium  chloride-potassium  chloride  has  been  substituted  for  sodium 
chi  or ide -  potass ium  chloride  in  electrorefining,  and  plutonium  trichloride 
has  been  used  in  place  of  magnesium  chloride.  Results  have  been 
encouraging,  but  more  study  will  be  needed. 

Recycle  of  both  the  solvent  anode  and  the  salt  in  elect  rove fi ring .  and 
plutonium  trichloride  has  been  used  in  place  of  magnesium  chloride. 
Results  have  been  encouraging,  but  more  study  will  be  needed. 

Recycle  of  both  the  solvent  anode  and  the  salt  in  elect rorefining  is 
feasible.  and  tests  are  planned.  As  impurities  build  up  in  both  salt  and 
the  anode,  some  method  of  regenera' ion  or  purification,  perhaps 
distillation,  will  be  needed.  Semicont inuous  operation  and  remote  control 
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STATUS  OF  PLUTONIUM  PURIFICATION  BY  BISMUTH  SOLVENT  ANODE  ELECTROREFINING 


Keith  W.  Fife,  David  F.  Bowersox,  Lynn  E.  McCurry, 
Peter  C.  Lopez,  and  Cecil  Brown 

Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545 


ABSTRACT 

Recent  investigations  into  plutonium  purification 
by  electrorefining  from  a  molten  secondary -me tal 
solvent  anode  pool  (metal  solvent:  Pu  >  1)  have 
concentrated  on  bismuth  and  bismuth  •  gallium 
solvents  contained  in  shallow  tantalum  crucibles. 
Electrorefining  is  reversed  from  our  standard  LAM EX 
cell  design  and  occurs  via  plutonium  oxidation  from 
a  high- surface  -  area  anode,  using  either  molten 
NaCl«KCl  or  L1C1»KC1  electrolytes  and  reduction  on 
a  cylindrical  tungsten  cathode.  We  are  recovering 
high-purity  plutonium  from  electrorefining  anode 
residue  and  from  PuC^  reduction  product.  Recently, 
we  have  been  recycling  the  spent  solvent  and  are 
achieving  overall  plutonium  recoveries  similar  to 
those  obtained  from  conventional  electrorefining. 


INTRODUCTION 

Impure  plutonium  metal  is  currently  purified  at  Los  Alamos  by  molten 
salt  electrorefining  (1-3).  The  procedure  involves  plutonium  oxidation 
from  an  impure  (>  95%  Pu)  molten  plutonium  anode,  transport  through  an 
equimolar  NaCl»KCl  electrolyte,  and  reduction  at  a  tungsten  cathode. 
Overall  plutonium  recovery  from  the  process  ranges  between  70%  and  "5%. 
considering  all  types  of  process  feed.  The  technique  is  effective  for 
producing  pure  plutonium  metal  (>  99.95%).  Overall  plutonium 
recoveries,  however,  are  directly  related  to  the  purity  of  the  feed 
material.  High-purity  feed  exhibits  high  oxidation  and  reduction 
(collection)  efficiencies  resulting  in  high  overall  recovery.  With 
impure  feed,  high-melting  plutonium  alloys  tend  to  form  as  plutonium  is 
depleted  from  the  anode  and  the  impurities  concentrate.  The  formation 
of  these  high-melting  alloys  reduces  plutonium  oxidation  and  diffusion 
rates,  prohibits  good  mixing  in  the  anode  compartment,  and  effectively 
terminates  the  run  leaving  significant  quantities  of  plutonium  in  the 
spent  anode. 


To  reprocess  this  rich  residue,  a  variation  of  molten  salt 
electrorefining  is  being  developed.  Solvent  anode  electrorefining 
incorporates  a  secondary-metal  solvent  added  to  the  plutonium  (solvent 
metal:  Pu  >  1)  in  sufficient  concentrations  to  keep  the  resulting 
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mixture  liquid  throughout  all  anticipated  plutonium  concentration 
ranges.  With  the  anode  remaining  liquid  throughout  the  process,  the 
opportunity  for  increased  oxidation  efficiencies  and,  therefore, 
increased  overall  recoveries  is  possible  from  electrorefining  By 
extending  the  solvent  anode  concept  to  rich  residue  treatment,  thcsc 
conventional  spent  electrorefining  anodes  can  be  treated  by  a  single- 
step  solvent  anode  electrorefining  process. 

Initial  experiments  were  conducted  with  cadmium  as  the 
solvent  (4),  but  suffered  from  cadmium  contamination  of  the  product 
caused  by  the  high  vapor  pressure  of  cadmium  at  cell  temperatures  o£ 
690-720°C  (cadmium  boils  at  765°C).  Overall  product  recovery  for  the 
cadmium  experiments  was  65%  to  75%,  depending  on  the  origin  of  the 
feed . 

In  addition  to  cadmium,  we  have  investigated  other  solvents  and 
now  have  some  experience  with  bismuth  and  lead.  With  all  solvents  it. 
their  pure  form,  the  amounts  necessary  to  form  a  sustained  liquid 
throughout  all  plutonium  concentrations  of  interest  are  normally 
greater  than  2:1.  By  adding  small  amounts  of  gallium  to  the  system, 
however,  the  liquid  range  has  been  extended  down  to  1:1  ratios. 


EQUIPMENT  AND  PROCEDURE 

Initial  experiments  were  performed  in  the  standard  Los  Alamos  or  LAMEX 
electrorefining  cell  (Fig.  1)  This  cell  is  constructed  of  vitrified 
magnesia,  and  the  go'»yal  procedure  consists  of  placing  an  ingot  of 
impure  plutonium  metal  (<  6  kg)  in  the  inner  cup,  then  loading 
equimolar  NaCl-KCl  with  approximately  100  g  MgC^  into  the  cell.  When 
the  system  is  molten  at  about  750°C,  the  stirrer,  anode  rod,  and 
cathode  are  lowered  into  position  and  stirring  is  begun.  Stirring  is 
necessary  to  insure  reaction  of  the  MgC^  with  the  plutonium,  and  to 
charge  the  electrolyte  with  Pu+5  before  electrolysis  begins.  Once 
initiated,  electrolysis  continues  until  the  static  cell  potential 
(back-emf)  increases  to  a  preset  value.  Back-emf  is  automatically 
measured  throughout  the  run  by  interrupting  the  d.c.  power  and 
measuring  the  instantaneous  cell  potential.  This  cell  potential 
increases  as  impurities  concentrate  in  the  anode  during  electrolysis 
and  is  used  as  a  qualitative  tool  to  monitor  production  runs. 
Terminating  the  run  at  a  predetermined  value  insures  that  the  quality 
of  the  product  metal  will  be  high  although  the  quantity  may  be 
variable.  By  ignoring  back-emf,  we  can  extend  the  process  to  maximize 
plutonium  oxidation  but  then  create  the  possibility  of  co-oxidizing 
impurities  and  contaminating  the  product  metal. 

Solvent  anode  experiments  performed  in  the  LAMEX  cells  used 
electrically  Insulated  tantalum  stirrers  and  followed  standard 
electrorefining  operating  guidelines.  The  limited  anode  compartment 
volume  of  the  LAMEX  cell  presented  a  scale-up  problem,  so  we  designed  a 
modified  cell  with  a  large-volume  anode  compartment  (Fig.  2).  This 
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modified  cell  is  also  constructed  primarily  of  vitrified  MgO  but 
without  an  attached  anode  compartment.  The  anode  pool  is  located  at 
the  bottom  of  the  cell  and  is  contained  in  a  shallow  tantalum  vessel  to 
eliminate  MgO  crucible  breakage  by  solvent  expansion  during  furnace 
heat-up  or  cool-down.  The  plutonium  product  collection  cup  is  also 
magnesia  and  is  contained  in  a  stainless  steel  or  tantalum  basket 
assembly  suspended  in  the  molten  salt.  A  cylindrical  tungsten  cathode 
is  suspended  above  the  collection  cup  and  insulated  from  accidentally 
touching  the  basket  with  a  magnesia  sleeve. 

We  felt  this  radical  change  in  cell  design  was  necessary  to 
accommodate  larger-scale  solvent  anode  runs  and  also  to  facilitate  a 
semicont inuous  mode  of  operation.  In  the  modified  cell,  all  hardware 
(stirrer,  thermocouple,  anode  rod,  and  cathode/product  assembly)  is 
suspended  in  the  melt.  When  the  anode  pool  is  depleted  of  plutonium, 
the  hardware  can  be  removed,  the  product  cooled  and  collected,  hardware 
replaced  as  necessary,  and  additional  plutonium  feed  charged  to  the 
solvent  without  having  to  shut  the  furnace  down. 

Back-emf  control  is  more  complicated  for  solvent  anode  runs  thar. 
for  the  conventional  electrorefining  process.  The  addition  of  large 
amounts  of  solvent  metal  and  the  change  in  cell  design  have  caused  us 
to  re-examine  back-emf  behavior  during  electrolysis.  Although  we  still 
use  back-emf  to  terminate  solvent  anode  experiments,  we  have  not  been 
able  to  rely  on  back-emf  for  consistent  electrorefining  performance. 


EXPERIMENTAL  RESULTS  WITH  BISMUTH 

Bismuth  was  selected  as  a  solvent  because  of  its  large  liquid  range. 
It  melts  at  271°C  and  boils  at  1560°C.  With  plutonium,  bismuth  forms 
high-melting  compounds  (Fig.  3)  that  apparently  can  be  suppressed  bv 
the  addition  of  small  amounts  of  gallium.  The  melting  point  of  all 
bismuth- gallium  mixtures  is  sufficiently  low  (Fig.  4)  to  apparently 
exert  a  synergistic  effect  on  both  the  Pu«Bi  and  Pu»Ga  (Fig.  5)  systems 
and  reduce  or  eliminate  the  formation  of  high-melting  plutonium 
compounds.  By  adding  gallium,  we  have  been  able  to  electrorefine  at 
solvent- to-plutonium  ratios  approaching  1.  With  pure  bismuth,  however, 
a  ratio  >2.0  (at  70  mol%  Bi)  was  used  to  maintain  a  two-phase  anode 
through  the  plutonium  concentrations  of  interest. 

Initial  experiments  with  bismuth  were  discouraging  because  of 
crucible  failure  during  the  run.  We  suspect  that  bismuth  was  expanding 
anisotropical ly  during  heat-up  or  cool-down.  resulting  in  a  broker; 
anode  cup  in  the  LAMEX  cell.  In  contrast  to  the  LAMEX  cell,  the 
product  compartment  in  the  modified  cell  is  unaffected  in  the  event  of 
a  broken  anode  vessel.  With  tantalum  liners,  both  LAMEX  and  modified 
cell  experiments  have  been  completed  without  crucible  breakage  from 
bismuth  expansion. 
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Table  1  summarizes  our  solvent  anode  experiments  with  bismuth  and 
bismuth  -  gall ium  mixtures  with  both  spent  conventional  elect ro re fining 
anodes  (PMA)  and  PuOj  reduction  product  (XOP).  The  PHA  feed  had 
gallium  added  for  criticality  control  before  the  original 
electrorefining.  The  XOP  feed  was  the  product  from  reduction  of  high- 
purity  PuO^  with  densities  between  17.3  and  18.0  g/cc  (pure  a  phase 
plutonium  has  a  density  of  approximately  19.7).  Table  1  illustrates 
variable  oxidation  and  reduction  (collection)  efficiencies  caused  bv 
changes  in  cell  design  and  operation.  In  all  cases,  however.  product 
purity  was  high  2)  but  not  as  high  as  conventional 

e lect ro re  fined  plutonium  C>  99.93%  pure).  We  are  contaminating  our 
product  metal  with  magnesium  and  to  some  extent,  with  bismuth, 
tungsten,  and  other  metals.  The  source  of  the  magnesium  ?s  our  feed 
(PMA  and  XOP)  and  the  MgO  1  ■->  we  use  to  initially  charge  the  electrolyte 
with  Pu+ 3 .  The  redox  potential  of  magnesium  is  very  similar  to  that  of 
plutonium  in  both  LiCl*KCl  and  NaCl*K0l  systems  and  tends  to  follow 
plutonium  to  the  cathode.  Final  separation  of  magnesium  from  the 
plutonium  should  be  straightforward  because  of  their  vapor  pressure- 
differences.  At  800°C,  magnesium  has  a  vapor  pressure  about  nine- 
orders  of  magnitude  greater  than  that  of  plutonium  and  should  he 
effectively  removed  by  vacuum  distillation  or  vacuum  casting  (?). 

The  erratic  presence  of  other  impurities  in  the  product  ir.iv  be  a 
result  of  any  combination  of  the  following: 

•  unfavorable  cell  current  distribution. 

•  metallic  hardware  participating  in  or  introducing  electrochemical 
s  i  de  rear  t  i  ons  i  n  t  he  me  1 1. . 

•  potential  for  occasional  coll  operation  at  largo  negative  voltages. 

•  an  unfavorable  cathode/anode  surface  area  ratio  in  the  modified 
cell. 

Ir.  addition  to  continued  experimentation  with  the  modified  cell, 
we  are  beginning  to  reuse  solvent  metal  in  multiple  runs.  Our  approach 
has  been  to  keep  the  solvent  and  electrolyte  molten,  remove  the  head 
assembly  in  a  circulating  argon  glovebox.  replace  the  affected  hardware 
(basket  assembly  and  cathode),  add  new  food  to  the  molten  system, 
equilibrate,  and  restart  electrolysis.  We  have  completed  several 
experiments  using  recycled  solvent  and  XOP  feed.  In  this  situation,  it 
appears  that  solvent  recycle  is  not  adversely  affecting  operation, 
overall  recovery,  or  product  quality.  Analyses,  however,  to  determine 
product  purity  and  impurity  build-up  in  the  solvent  are  not  vet 
.i  va  liable. 
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FUTURE  DIRECTION 

In  solvent  anode  electrorefining,  we  plan  to  continue  studying 

•  cell  design  and  operation  to  achieve  consistency  in  our  performance. 

•  back-emf  behavior  in  different  solvent  plutonium  systems, 

•  lead  and  cadmium  in  addition  to  bismuth  as  solvents, 

•  use  of  gallium  in  the  solvent, 

•  potential  of  solvent  metal  recycle,  and 

•  different  electrolyte  compositions  and  the  potential  for 
electrolyte  recycle. 

We  are  confident  that  solvent  anode  electrorefining  can  be 
developed  and  demonstrated  as  a  technique  for  recovering  plutonium  from 
many  types  of  rich  residues.  Once  developed,  this  procedure  mav 
supplement  the  conventional  electrorefining  process  and  provide  recycle 
of  plutonium  with  lower  generation  of  residues  and  waste. 
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Table  1-  Bismuth  Solvent  Anode  Electrorefining  fron  Mndiiit  i 


Feed 

Plut*  nium 

Bi/Pu 

Temp 

Ox idat ion 

Re due : 

Run 

Type3 

Feed 

Ratio 

(°C, 

Electrolyte^* 

Ef  f ic ienc vc 

Effici. 

IR/R) 

_ f  %)  __ 

. .  _t  < 

ER56 

PMA 

931 

2.2 

850 

NaCl *KCl 

67  6 

4  •  q 

ER37 

PMA 

947 

2  . 1 

850 

NaCl *KCl 

8-4.3 

6°  7 

ER7 1 

XOP 

94  3 

1.1 

850 

NaCl »KC1 

99  6 

5^  .  3 

ER74 

XOP 

944 

1.1 

880 

NaCl-KCl 

87.0 

7  * .  fi 

ER76 

XOP 

895 

14 

8  80 

NaCl • KOI 

93.0 

83.fi 

ER  79 

XOP 

1210 

0.95 

885 

LiCl.KCl 

99  3 

8°  5 

ER80 

XOP 

1321 

0.90 

860 

LiCl.KCl 

87.5 

74 

a  PMA  is  a  spent  conventional  electrorefirii  ng  anode.  Xr'P  is  Pu 
product . 

^  Equimolar  NaCl«KCl,  LiCl«40  tr./o  KC 1  ,  100  g  MgOl  ■>  added  to  end.  run 
c  Calculated  from  (initial  Pu  in  Bi  -  final  Fu  in  Bi  )  /(  initial  Fu  ir. 
^  Calculated  from  ( Pu  in  product l/( ini t i al  Pu  in  Bi  -  final  Pu  in  Bi 

e  Early  modified  cell  had  a  hemispherical  anode  container  and  an  of 
which  resulted  in  poor  mixing. 


Table  2.  Bismuth  Solvent  Anode  Electroref ining  Product  Fur 


Run 

Product 

Product 

P r oduc :  Impurities 

Density 
(  g/cc  ) 

Purity 
( %  Pu ) 

Al" " 

Bi  " 

Cr 

Fe 

Ca 

'Mg 

Ms 

i  s ; 

ER56 

19.7 

99 . 9-4 

60 

150 

15 

40 

<100 

300- 

3000 

(, 

ER5  7 

19.5 

99.99 

50 

300- 

3000 

9 

<20 

<100 

300- 

3000 

100 

<  c.  T  S 

ER7 1 

19.6 

40 

300 

<5 

46 

50 

p 

<5  1  3 

ER74 

19.3 

99.86 

<5 

300 

90 

270 

104 

300- 

3000 

40 

20 

ER  ~6 

19  2 

99.83 

210 

100 

63 

150 

24  3 

300 

20 

5  5  0 

ER79 

19.4 

99 . 86 

55 

60 

25 

70 

4  30 

300 

50 

16  lo 

ER80 

19.1 

99.8  3 

<3 

35 

<5 

<20 

33 

300- 

3000 

10 

<5  20 
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ABSTRACT 

The  design  studies  of  Compact  Molten-Salt  Power  Stations 
(Th-  •>'>11  fueled  mo  1  ten-f  1  uor  1  de  fission  converters)  were 
presented  in  the  two  directions:  [class  I  1(50  — -300MWe)  and 
[class  1 1  J(2~30M.-ie).  Both  have  several  advantages  on  safety, 
simplicity,  easy  operation  &  maintenance.  trans-U  elements 
and  nuclear  proliferation  resistance,  due  to  the  non-exchange 
of  core  elements  and  the  non-conti nuous  chemical  processing. 

In  class  I,  very  high  conversion  ratio  more  than  95%  might  be 
expected  in  low  fissile  inventory.  In  class  II,  very  small 
but  high  performance  could  be  achieved  in  small  fissile 
supply.  Their  inherent  safety,  simplicity  and  smaller  capa¬ 
city  would  be  useful  for  developing  countries,  ship-propoul- 
sion,  and  generating  electricity  on  ships  etc.,  improving  the 
world  environment. 

INTRODUCTION 

Considering  the  environmental  impact  from  fossil  fuel  burning  all 
over  the  world,  a  rational  nuclear  energy  system  should  be  established 
for  the  next  century  in  the  following  ways  (1): 

[A]  thorium  resources  utilization, 

[B]  simple  and  practical  breeding  fuel  cycle  integration, 

[C]  separation  of  fissile  producing  breeders(process  plants)  and 

fission  power  stations(ut 1 1 1 ty  facilities). 

[D]  fissile  producing  breeders  development  till  the  next  century  (2)(3), 

[E|  smaller  fission  power  stations  development  among  this  century. 

The  last  [E]  is  a  main  problem  to  be  discussed,  and  the  thorium  contai¬ 
ning  molten  fluorides  are  technological  key-materials  in  here. 

All  proven-type  solid  fuel  nuclear  reactors  are  principally 
favoring  the  larger  size,  even  though  keeping  some  potentials  toward 
minimizing  in  size  (4).  These  reactors  have  potential  problems,  such  as 
the  safety  aspects  and  nuclear  proliferation  issues.  It  has  been  clari¬ 
fied  by  the  recent  reactor  design  study  that  the  Compact  Molten-Salt 
Fission  Power  Stations  might  be  helpful  for  improvement  of  all  the 
above,  and  recommendable  for  further  reactor  development.  A  brief 
review  will  be  given  including  a  developmental  program. 
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DESIGN  PRINCIPLE  OF  COMPACT  MOLTEN-SALT  POWER  STATIONS 
(FUJI-series)  AND  THEIR  MAIN  BENEFITS 

The  design  study  and  technological  development  of  molten  fluoride 
fueled  fission  reactors  were  intensely  and  comprehensively  performed  by 
the  Molten-Salt  Reactor  Program  (1960/'y1976)  in  ORNL,  IJSA.  They  present¬ 
ed  remarkable  results  on  the  development  of  fission  breeder,  MSBR 
(Molten-Salt  Breeder  Reactor)  (o).  The  large  fission  converter,  MSCR, 
also  examined  (6).  However,  they  had  focused  only  on  the  IQOOMWe  class 
reactors  but  not  on  the  small  reactors,  and  their  excellent  proposal  was 
not  pursued  due  to  the  non-nuclear  proliferation  policy  of  former  Presi¬ 
dent  Carter,  not  due  to  any  te  hnological  reason  (7). 

Four  years  ago,  the  design  study  of  Compact  Molten-Salt  Power 
Stations  was  started  by  us  principally  following  a  similar  direction  as 
MSRP  of  ORNL;  the  essentia!  reactor  feature  was  clarified  in  the  follow¬ 
ing  two  classes  of  power  size  : 

[class  I]  :  50 -"300  MWe, 

[class  II]  :  2~  30  MWe. 

The  reactors  of  both  classes  have  essentially  the  same  design  principles 
explained  below.  Therefore,  they  are  named  "FUJI-series"  in  all.  The 
real  examples  are  "FUJI-I  (compact  high  conversion  type)  and  "FUJI-II" 
(fuel  self-sufficient  type)  of  155  MWe  size  in  class  l,  and  "mini-FUJl- 
l"  of  4.2  MWe  and  “miniFUJl-U“  of  7  MWe  in  the  class  II. 

The  main  design  principle  chosen  for  FUJI-series  (Compact 
Molten-Salt  Fission  Power  Stations)  is  as  follows: 

1)  single-fluid  mu  1 ti -region  type,  graphite  moderated,  and  molten 
fluoride  fueled  fission  converter. 

2)  reactor  inlet  and  outlet  temperatures  :  550<V5B0°C  and  700'W25°C. 

3)  thorium  contained  in  a  fluoride  mixture: 

4)  graphite  core:  no  exchange  thus  a  weld-sealed  reactor  vessel  (simple 
tank  without  big  flanges,  can  be  used  which  has: 

a)  low  power  density  of  about  lOkWth/liter  in  core  and  blanket 

regions,  and  of  flat  distribution,  [possibly  15  20  Kwth/'liter 

i n  miniFUJI]. 

b)  09%  removal  of  fission  gases  (Xe,  Kr),  and  no  continuous  chemical 

processing,  which  is  one  of  the  most  difficult  PSD  items. 

c)  high  conversion  ratio  and  low  fissile  inventory. 

From  the  above  design  principles,  the  following  significant 
advantages  might  be  expected: 

(A)  Excellent  Safety  Aspects:  low  pressure;  no  chemical  reaction  of 
reactor  materials  (no  gas  generation);  no  core  melt-down;  and  no  fear  of 
re-criticality  accident  due  to  the  automatic  isolation  of  ’eaked-fuel 
and  moderator  (graphite). 

(3)  Simple  Structure,  and  Easy  Operation  and  Maintenance:  no  fuel 
assembly  fabrication  and  handling;  short  graphite  size;  few  control  rods 
due  to  the  low  excess-reactivity  in  fluid  fuel  reactors  in  general; 
self-controllable,  load-following  and  easy  restarting  characteristics; 
and  no  continuous  chemical  processing  facility. 
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(C)  High  Reactor  Performance:  high  conversion  ratio  inherent  in  Th-"  U 
cycled  thermal  reactors  but  unusual  in  small  converters;  and  high  ther¬ 
mal  efficiency  (42  46%)  by  (ultra-)  ultra-super  critical  steam  cycle. 

(0)  Advantage  in  Resource  Problem,  thorium  utilization:  non-1 ocal 1  zed 
and  3^4  times  more  abundant  than  uranium. 

(F.)  Trans-U  elements  (Pu,Am,Cm)  burnup:  essentially  no  production  can 
burnup  trans  U  elements  from  other  reactors. 

(F)  High  Nucl ear*l>r;ol  i  feration  Resistance:  intei^  hard-Y  radiation 

from  impurities  (  <"!J)  inherently  produced  with  '  U;  very  few  supply 

(transportation)  of  fissile  materials  due  to  the  high  conversion  ratio. 

( G)  Finally  Excellent  Economy:  originated  from  all  of  the  above  items, 
and  from  the  feasibility  of  simple  rational  fuel-cycle  system  in  future. 


MAIN  FEATURE  AND  PERFORMANCE  OF  SOME  EXAMPLES 
OF  COMPACT  MOLTEN-SALT  POWER  STATIONS  (FUJ [-series) 

For  the  neutronic  core  calculation,  the  two-dimensional  diffu¬ 
sion-burn-up  code,  CITATION,  was  used  applying  9  group  reactor  constants 
produced  by  ORNL  ( S , 9 ) .  The  calculations  were  performed  by  FACOM  M=380 
machine.  The  neutron  irradiation  limit  of  core  graphite  will  be  3x10'" 
nvt  (>50keV,  following  MS'iR  design  criteria  .£6,10).  Therefore,  the  maxi¬ 
mum  core  flux  should  be  less  than  8x1b1  n/cn'sec  in  30  year  life  and  SO* 
load  (as  local  power  stations).  Graphite  volume  fractions  (G)  are 
chosen  93-86%  in  core-zone,  66-76"  in  blanket-zone  and  99%  in  reflec¬ 
tor-zone.  The  low  power  density  will  allow  to  choose  j  high  G  value  such 
as  93%.  This  is  a  big  advantage  Tor  intensifying  neutron-moderation, 
which  is  followed  6y  an  improved  fuel  conversion  ratio.  The  reflector 
thickness  was  determined  hy  the  neutron  i  rrad.i  at  io/j  limit  in  modified 
HastelJ^y  N  of  reactor  vessel,  which  is  1.2x10  n/cn'. sec  (>0.8Mei/),  and 
6.6x''  n/c.ii  .sec  (<0.18eV)  at  temperatures  less  than  660°C. 

A  lot  of  model  calculations  have  been  performed.  Among  them  the 
following  four  cases  are  shown  as  significantly  interesting  examples. 
Their  main  characteristics  are  presented  in  Table  1,  with  MSBR  and  MSRE 
(Molten-Salt  teactor  Experiment  operated  in  1966^-1969)  of  ORNL. 

FUJ  I- 1  [155MWe: Compact  High  Conversion  type] 

This  reactor  has  two-core  zone  arrangement  of  maximum  ilia  meters: 
1.4  and  3.4m,  and  of  G:  91  and  90%  (cf.  Table  1).  This  was  highly  effec¬ 
tive  for  achieving  a  flat  power  distribution  in  core/blanket  region,  a 
comparatively  compact  size,  a  lower  fuel  inventory  and  a  higher  conver¬ 
sion  ratio  0.98  after  1000  days  burn  according  to  the  cal cul at i ons. 

The  maximum  salt  flow  velocity  is  about  O.Hm/sec  only.  The  net 
thermal  efficiency  for  generation  of  electricity  is  kept  in  very  high 
44.3%  hy  ultra  supercritical  steam  cycle,  which  will  be  improved  more  to 
46%  by  ultra-ultra  supercritical  cycle  only  changing  the  fuel  inlet/out¬ 
let  temperature  to  685/726°C.  The  conceptual  model  of  Fnjl-I  was  shown 
in  Fig.  1,  and  the  primary  system  is  accommodated  in  the  high-tempera¬ 
ture  containment  (600°C)  of  12m  in  diameter,  as  shown  in  Fig.  2. 


Use  initial  fissile  inventory  is  304  kg,  and  additional  supply  of 
'  Jhj  in  early  transient  stage  is~about  43kg.  This  reactor  could  be 
continuously  operated  by  adding  U,16g/day  ( =5.8kg/year)  and  Th 
4()0y/djy  only.  The  total  demand  of  J  U  in  full  life  will  be  444kg,  of 
which  322  Kg  will  be  recovered.  Semi-annual  transport  of  2.9kg  of 
fissile  materials  will  not  be  enough  even  for  one  nuclear  weapon  owing 
to  the  dirty  isotope  mixture.  More  detailed  description  will  be  found 
in  ref.  (4). 

FUJI-IUI  [155MWe:  Fuel  Self-Sufficient  type--“near-breeder“--] 

The  blanket  thickness  and  G  of  FUJI-I  were  modified  for  the 
improvement  of  conversion  ratio  resulting  in  a  slightly  bigger  size  and 
a  fissile  inventory  as  shown  in  Table  1.  After  about  SQO  days  of  opera¬ 
tion,  the  conversion  ratio  settled  to  1.002  from  initial  1.044,  and 
essentially  no  fissile  transport  is  required,  which  is  significantly 
safer  in  terms  of  reactivity  and  resistance  to  nuclear  proliferation. 

This  reactor  would  be  an  ideal  small  power  station,  and  one  of 
the  best  partners  for  fissile  breeding  facilities  such  as  AMS8 
(Accelerator  Molten-Salt  Breeder)  or  IFMSB  (Impact  Fusion  Molten-Salt 
Breeder)  due  to  the  surprisingly  small  demand  (392  Kg)  of  fissile 
materials  in  full  life  (1,2,3).  More  details  are  given  in  ref.  (4). 

It  will  be  possible  that  the  above  mentioned  reactor  performances 
are  weakened  after  the  detailed  design  is  developed.  However,  the 
conversion  ratio  might  be  kept  higher  than  0.95,  which  will  be  still  an 
ambitious  value. 

rainiFUJI-1  [4.2  MWe:mini-size  type] 

Initially  this  was  studied  as  a  pilot-plant  for  develooing  the 
Compact  M.S.  Power  Stations  [FUJI-series],  The  design  result  was  sur¬ 
prisingly  good  and  useful  for  practical  mini-size  power  stations.  In- 
mini-FUJl-I ,  the  core  is  a  single  zone,  keeping  a  more  flat  power  densi¬ 
ty  distribution.  The  total  volume  of  core/blanket  zones, is  1m  ,  and  the 
reactor  size  is  1.7m  in  diameter,  2m  in  height  and  4.5in  in  volume. 

The  conceptual  model  of  this  reactor  was  shown  in  Figs.  3  and  4. 
The  horizontal  cross  sections  of  graphite  moderators  are  shown  in  Fig. 
5.  In  the  center  of  the  reactor  core,  2~3  control  rods  are  inserted, 
and  I<v2  rods  of  the  center  area  are  able  to  he  used  for  material  s-i  rra- 
diation  tests,  as  required.  This  is  nearly  the  same  as  for  MSRF.,  which 
was  successfully  operated  in  1965^  1969  without  any  severe  troubles. 
The  high-temperature  containment  of  the  primary  system  will  he  only  3.5m 
in  inner  diameter,  fairly  smaller  than  5.8m  of  MSRH.  The  wal  1  -thi ckness 
of  the  reactor  vessel  is  about  8cm  (15cm  in  MSRt).  The  total  weight  of 
the  reactor  vessel  is  about  10  ton,  except  for  1  ton  of  salt. 

The  consumption  of  fertile  Th  is  about  13  g/day  correspond! ng  to 
4.7kg/year.  This  reactor  has  a  conversion  ratio  of  0.55  due  to  its  very 
small  size.  However,  this  is  nearly  the  same  ?aSj  I.WR  (Light  Water  Reac¬ 
tors)  of  250  times  larger  power  capacity,  and  “Jlj  supply  is  only  about 
2.1  kg/year,  which  is  not  enouyh  for  one  nuclear  weapon. 


mini FU J  I- 1 1  [7  MWe  :  super  compact  mini-size  type] 

The  above  miniFUJI-I  has  an  average  density  of  9.8MWth/l i ter, 
which  is  nearly  the  same  as  for  FUJI-1  and  -II,  and  suitable  for  a 
pilot-plant.  However,  its  neutron  flux  is  about  half  of  FUJI-I;  nearly 
two  times  larger  power  capacity  (7MWe)  could  be  achieved  without  chang¬ 
ing  the  size  of  any  reactor  component  except  for  the  reflector  whose 
thickness  should  be  increased  by  about  Scm.  If  this  mi ni FUJ I- 1 1  develop¬ 
ment  had  been  pursued,  it  would  have  been  attractive  for  ship-propulsion 
engines  or  for  generating  electricity  on  ships. 


DEVELOPMENTAL  PROGRAM  FOR  FUJ I- series  REACTORS 

As  shown  in  the  above  preliminary  design  study  of  FUJI-series  re¬ 
actors,  the  complete  shift  from  U-Pu  solid  to  Th-U  fluid  fuel  cycle  will 
be  attractive  since  it  improves  the  economy,  safety,  trans-U  elements 
burnup  and  non-nuclear  pro! i feration. 
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As  the  total  demand  of  !J  is  not  big  and  less  than  400Kg  for  10 
years  in  our  program,  its  supply  could  be  satisfied  by  irradiation  of  Th 
in  LWR ,  for  example,  as  MSRE.  In  the  future,  the  dry  chemical  process¬ 
ing  (molten  fluoride)  method  originated  by  the  French  and  now  being 
developed  at  Demi trovgrad,  USSR,  will  be  more  attractive  (12).  Until  the 
beginning  of  the  next  century,  some  useful  breeders  such  as  AMSR  or 
IFMSB  would  be  developed  establishing  the  Molten-Salt  Nuclear  Energy 
Synergetics  (1 )  (13). 

Already  the  basic  R  &  0  has  been  comprehensively  established  by 
ORNl.  except  for  the  data  base  of  modi  fied-Hastel  loy  N,  which  specifica¬ 
tion  has  been  settled.  The  pilot-plant  program  could  accept  immeasurable 
contributions  from  MSRE.  The  bigger  components  and  high  temperature 
molten  material  technologies  could  greatly  benefit  from  the  recent 
Na-cooled  reactor  development.  The  general  ideas  in  our  program  will  be 
presented  below  suggesting  the  bigger  test  rigs  (cf.  Table  2)  : 

A.  General  R  S  D 

Fuel-salt  chemistry  loop  (impurity  monitor,  F.B.behab.,  mass  transfer) 
Coolant-salt  chemistry  loop( imp. monitor, tritium  behab.,  mass  transfer) 
Integral  steam  generator  test  1 oop(materi a  1  test,  electric  generation) 
Materials  development  (Hastelloy  N,  Graphite  and  the  others) 

Salt  preparation,  chemical  analysis,  and  batch  chemical  processing. 

B.  Pilot-plant  (miniFUJl-l)  Program 

Reactor  mock-up  test  loop(pump,  heat  exchanger,  instrumental i ons ,etc. ) 
Reactor  remote  maintenance  mock-up 

Reactor  :  l)long  term  endurance  test,  2)materials  test, 

3)F.P. (tritium)  behavior  test,  4)power-up  for  miniFUJI-II  project. 

C.  Compact  Molten- Salt  Power  Station  (FUJI-I)  Program 

Full  size  small  reactor  engineering  development  (2  MWe  loop) 

Long  term  endurance  test  of  the  reactor 
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D.  Medium-,  and  Large-Molten-Salt  Power  Stations  Program 

E.  Fissile  Producing  Breeder  Development  (AMSB  or  IEMSB  etc.) 

F.  Establishment  of  Molten-Salt  Nuclear  Energy  Synergetics 

The  time  schedule  in  general  was  shown  in  Table  2,  and  the 
personnel  plan  for  the  initial  7  years  (A+B+C)  was  shown  in  Table  3.  The 
total  cost  tor  the  initial  7  years  would  be  about  #100~150  millions. 


CONCLUSIONS 

Compact  Molten-Salt  Power  Stations  with  excellent  performances 
were  successfully  designed  promising  a  wider  social  applicability  of 
Th-U  fuel  cycled  fission  reactors  by  miniaturization.  These  small  reac¬ 
tors  would  not  compete  with  inherently  larger  sized  solid-fuel  power 
reactors,  and  could  end  several  useful  applications  in  developing  coun¬ 
tries  and  isolated  areas,  and  especially  for  ship-propulsion  engines  or 
generating  electricity  on  ships,  improving  the  world  environment. 

Now  we  have  to  start  the  developmental  program  of  FUJI-series  re¬ 
actors,  and  should  establish  the  rational  Th  molten-salt  breeding  fuel 
cycle  (Molten-Salt  Nuclear  Energy  Synergetics)  for  the  next  century. 
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Table  2.  Developmental  Program  of  Molten-Salt  Fission  Power  System 
(  - - - >  construction; - - — >  operation  ) 

1991  1994  1997  2000 

A.  General  R  &  D. . 

Fuel -salt  loop  — — — — >  - 

Coolant-salt  loop  => - - > - - 

Electric  generating  > - >  - > 

test  loops  (200KWe)  - —  —  > - -> 

(2  MWe) 

Hastel  loy  N - > - > 

Graphite,  etc.  mechanical  data 


B.  Pilot-plant  (niniFUJI-1)  Program 

Reactor  design  -> - 

Reactor  mock-up  —  —  => - 

Reactor  remote  mainte.  -  > -  operation 

Reactor  const. &  ope.  '  -  > - - •-> 

const,  crit.  mi n i FUJ I  - 1  I  test 

C.  Compact  Molten-Salt  Power  Station  (FUJI  I)  Program 

Reactor  design  - ■-=  - 

Reactor  mock-up  ===> - 

Reactor  remote  mainte.  > -  operation 

Reactor  const. &  ope.  - - -  =*=  - - - 

const,  crit. 

D.  Medium-,  and  Large-Mol ten-Sal t  Power  Stations  Program 

E.  Fissile  Producing  Breeder  Development  (AMSB  or  IFMSB  etc.) 

Prel  lmi .  R  &  D  -  - 

Integral  exp.fac.  -  u  > - > 

design  const,  low  power  ope.-->high  power  ope, 

D,";totype  fac.  - >--•■- —  --=====> - - — > 

design  study  design  const.  ope. 

F.  Establishment  of  Molten-Salt  Nuclear  Energy  Synergetics 

System  design  study  - - - > 


Table  3.  Personnel  Plan  for  Compact  Molten-Salt  Power  Station 

(FUJI-series)  Development  Program  (among  initial  7  years) 
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ABSTRACT 


A  new  design  concept  for  fissile  material  production 
breeder  is  proposed.  The  key  technologies  are  (1)  a  shaped- 
projectile,  which  has  a  built-in  imploding  mechanism  with  a 
DT  fuel-pellet  eliminating  a  fuel  target  injection  in  fine 
alignment,  (2)  an  axially  symmetric  mass  driver,  which  is 
based  on  a  rapid  Z-pinch  discharge  between  the  cylindrical 
electrodes  expecting  positionally  stable  acceleration  of  the 
projectile,  and  (3)  a  molten-salt  t arget/b 1 anket  tec¬ 
hnology,  which  is  similar  to  that  o'  Accelerator  Molten-Salt 
Breeder  having  a  big  salt  bath  wicl.  deep  voltex  but  now 
adding  He  bubbles.  The  target  salt  including  ^°°U  prepared 
in  IFMSB  could  be  supplied  to  Molten-Salt  Fission  Power 
Stations,  integrally  constituting  an  idealistic  molten  salt 
fuel  cycle  system. 


INTRODUCTION 

In  the  rational,  economical  and  safer  nuclear  fission  energy 
system,  the  power  stations  of  several  sizes  (utility  facilities)  and  the 
fissile-fuel  breeders  (process  plants)  should  be  separated  and  coupled 
by  a  simple  mcl ten-f 1 uor ide  fuel  cycle.  Already  Accel  era tor(Spa  1 1  at  i  on ) 
Molten-Salt  Breeder(AMSB)  and  Inertial-confined  Fusion  Molten-Salt  Bree- 
der(IHMSB)  were  proposed  (1)(2),  and  now  another  idea  will  be  presented. 

Impact  fusion  (3)  is  one  of  the  approaches  to  produce  controlled 
t he rmonuc 1  ear  power  using  hypervelocity  impact  of  a  target  made  of 
deu ter i urn- t r i t i um  (DT)  ice.  This  concept  is  as  follows:  Small  projec¬ 
tiles  with  a  mass  of  O.lg  designed  by  appropriate  materials  are  accele¬ 
rated  to  a  velocity  of  V~10°  cm/sec.  They  collide  with  a  DT  target, 
and  their  kinetic  energy  is  abruptly  converted  into  thermal  energy  (~10 
keV  per  nucleon,  temperature  ~  10°  K)  which  is  i nert i a  1  ly-conf i ned  in 
the  shocked  region.  To  achieve  an  uniform  acceleration  a"  of  a  small 
projectile,  a  non-rel at i v i st ic  accelerator  will  have  a  length 

x  =  \I2/20C.  [  1  | 


The  differential  or  tidal  stresses  caused  by  an  accelerating  force  F 
acting  oo  a  projectile  with  characteristics  of  size  L  are  in  the  order 
of  ~F/L  .  If  these  stresses  are  not  to  exceed  the  yield  stress  S  of  the 
projectile,  the  minimum  length  of  the  accelerator  must  be 

»„,n-A*Z/S  ,  12] 

for  a  projectile  of  density^  and  mass  />  L  ,  because  the  relation  bet¬ 
ween  S  and  oc  is 


/>L<r  =  S.  [3] 

The  criterion  13)  for  a  net  gain  in  impact  fusion  is  approximately 
L p  ~  0.1  g/cm  .  W i  th  a  reasonable  value  for  the  yield  stress  of 
S  ~  1 0  udyne/cm  , i t  is  found  that  the  minimum  accelerator  length  is 
Xmin  '  km.  result  is  generally  acceptable  and  applicable  to  any 

kind  of  accelerators.  A  shorter  accelerator  would  require  a  material 
with  a  larger  yield  stress  S. 


In  order  for  impact  fusion  to  have  a  reasonable  hope  of  practical 
application,  the  maximum  length  of  the  accelerator  should  be  of  the 
order  of  10  m.  This  can  be  achieved  by  adopting  shaped -t a rge t s,  as 
proposed  in  the  literature  (4h  In  this  case,  the  necessary  velocity  of 
the  small  projectiles  is  V~ 1 O'cm/sec,  which  gives  an  accelerator  length 
xmjn  described  by  [2 ]  as 

xmin'':,0,n'  [«1 
even  taking  a  standard  value  of  the  yield  stress, 

S -\  1010  dyne/c m^. 

In  this  report,  the  following  three  key  technologies  are  applied 
for  the  breeding  of  !J  utilizing  neuti  ons  generated  from  the  impact 
fusion. 


[I]  The  first  is  the  choice  of  the  shaped-projecti !e  (5)  instead  of  the 
shaped-target  (4).  It  has  a  built-in  imploding  mechanism  with  a  fuel- 
pellet,  and  now  a  fuel  target  pellet  injection  in  fine  alignment  is  not 
necessary. 

[II]  The  next  is  the  development  of  the  mass  driver  system.  By  the 
choice  of  the  shaped -projec t i 1 e  the  aspect  ratio  ,d/h,  of  the  shaped- 
project l le  must  be  as  small  as  possible  in  order  to  reduce  the  mass  of 
the  projectile.  In  this  case,  the  positional  stability  of  the  projectile 
becomes  an  important  problem  in  the  course  of  accelerating  the  proiec- 
tile.  This  means  that  the  position  of  accelerating  disk-like  projectile 
should  be  stabilized  by  its  spinning  motion  and  that  the  accelerator 
must  be  axially  symmetric  in  order  to  minimize  the  perturbation  to  the 
spinning  disc.  We  are  thus  naturally  lead  to  the  investigation  of  the 
totally  axial-symmetric  accelerator  system  developed  by  one  of  the 
authors  (K.I.)(6). 

[ I  I  I  ]The  third  is  the  application  of  the  molten-salt  target/blanket 
tec  hno  1  ogy,  w  h  i  ch  is  similar  t.o  that  of  the  Accelerator  (Spallation) 
Molten-Salt  Breeder(AMSB),  which  was  developed  by  one  of  the  authors 


(K.F.)(1).  A  big  molten-salt  bath  including  Thorium  fluoride  will  effec¬ 
tively  work  for  the  several  purposes  such  as 

(a)  non-destructive  permanent  target  system, 

(b)  collision-  and  reaction-heat  removal  system, 

(c)  blanket  material  for  fissile  “'■’U  production  by  the  neutron  absor¬ 

ption  of  “‘Mh  in  salt,  and 

(d)  chemical  processing  medium. 

In  chap. II  we  review  the  accelerator  system.  In  chap. Ill  the 
functions  of  the  components  composing  the  breeding  system  including  the 
shaped-proj ec t 1 1 e  are  analyzed  in  order  to  decide  the  breeder  parame¬ 
ters.  The  necessary  data  base  for  the  impact  fusion  breeder  will  be 
discussed  in  chap.  IV. 


A  REVIEW  Of  THE  AXIALLY  SYMMETRIC  ABLATION  MASS  DRIVER 

The  electro-magnetic  acceleration  of  projectile  in  axially  symme¬ 
tric  geometry  is  thoroughly  described  in  the  literature  (7).  The  mecha¬ 
nism  for  accelerating  the  projectile  is  based  on  a  rapid  Z-pinch  discha¬ 
rge  between  the  cylindrical  electrodes  shown  in  Fig.l. 

Consider  a  Z-pinch  between  a  pair  of  long  hollow  electrodes  whose 
axes  of  symmetry  are  on  a  common  straight  line.  We  can  expect  a  plasma 
column  between  the  electrodes  like  that  in  an  ordinary  Z-pinch  in  a 
plane  electrode  geometry.  In  the  case  of  a  Z-pinch  in  the  hollow  elec¬ 
trode  geometry,  however,  a  pair  of  plasma  disks  are  formed  at  both  ends 
of  the  plasma  column  which  propagate  along  the  cylinder  axis,  down  to 
both  ends  of  the  cylindrical  electrodes  because  of  the  force  unbalance 
across  the  plasma  disk,  where  the  disk  plasma  is  called  the  "plasma 
brim".  If  the  projectile  with  an  ablator  is  loaded  in  a  cylindrical 
electrode  in  front  of  a  plasma  brim,  as  shown  in  Fig.l,  the  projectile 
will  be  accelerated  by  the  interaction  of  the  Current  through  the  disk 
with  the  se 1 f-magnet ic  field. 

The  equation  of  motion  of  the  projectile  in  the  barrel  is 


where  I  is  the  total  current  in  the  plasma  brim,  M  is  the  mass  of  the 
projectile  including  ablator  and  the  plasma  brim,  and  g  is  a  constant  of 
the  order  unity,  depending  on  the  current  distribution  in  the  plasma 
brim.  The  quantity  is  the  magnetic  permeability  of  the  vacuum. 

The  acceleration  of  projectiles  to  hypervelocity  in  a  single  pair 
of  long  cylindrical  electrodes  is  questionable  from  various  view  points, 
such  as  the  stability  of  the  long  plasma  column,  the  energy  dissipation 
by  the  resistive  loss  in  the  long  cylindrical  electrode,  etc..  These 
problems  are  reduced  if  the  accelerator  is  formed  by  many  short  cylin¬ 
drical  electrodes.  A  schematic  diagram  of  the  accelerator  system  with  a 
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segmented  electrode  is  shown  in  Fig.2.  An  important  point  for  mentioning 
in  this  case  is  that  it  may  not  be  necessary  to  use  switches  to  close 
the  circuit  because  the  switching  is  automa t ica 1 1 y  provided  by  the 
plasma  brim  following  the  projectile. 

The  two-stage  accelerator  was  built  to  test  this  accelerator 
concept  at  Texas  Tech  University  in  1986  (8),  and  it  was  confirmed  that 
the  automatic  switching  mechanism  worked. 

The  advantages  of  this  ax  ia  1 -symmetric  accelerator  compared  with 
the  standard  rail  gun  are  as  follows:  In  the  axial-symmetric  case,  (a) 
the  plasma  spilling  over  the  nose  of  the  projectile  is  inhibited  because 
there  is  no  gap  for  the  plasma  to  penetrate  past  the  projectile  in  the 
cylindrical  electrode  arrangement,  (b)  there  is  another  acceleration 
force  by  the  rocket  effect  from  the  flowing-out  plasma  through  the 
f leld-nul  1-1  me  of  the  azimuthal  magnetic  field  in  the  direction  oppo¬ 
site  to  the  projectile  acce 1  era t i on,  and  (c)  the  break-down  voltage 
along  the  insulator  surface  between  the  electrodes  does  not  depend  on 
the  size  of  the  projectile,  although  the  diameter  of  the  projectile  is 
the  distance  of  the  rails  in  the  case  of  rail  gun  so  that  the  small 
projectile  is  rather  hard  to  accelerate  by  the  rail  gun  because  of  the 
low  flash-over  voltage  along  the  short  insulator  sjrface. 

In  the  next  section  we  consider  the  Impact  Fusion  Molten-Salt 
Breeder  ( E F MSB)  under  the  assumptions  that  every  stage  of  the  Z-pinches, 
except  the  first  one,  is  triggered  automatically  by  Z-pinch  following 
after  the  project i  le,  and  that  the  velocity  of  the  projectile  is  at¬ 
tained  over  a  value  required  for  the  impact  fusion  to  be  triggered  by 
the  hypervelocity  impact  of  the  shaped -project i  1  e . 


IMPACT  FUSION  MOLTEN-SALT  BREEDER  (IFMSB) 

WITH  A  SHAPED-PROJECTILE 

In  order  to  trigger  the  thermonuclear  fusion  based  on  the  hyper¬ 
velocity  impact  of  the  shaped-projectile  with  the  molten  salt,  the 
structure  of  the  shaped-projectile  should  have  a  built-in  imploding 
mechanism  as  schematically  shown  in  Fig.3. 

Once  the  velocity  of  the  projectile  becomes  over  200  km/sec,  the 
implosion  of  thermonuclear  fuel-pellet  in  the  cavity  could  be  expected 
by  black  body  radiation  generated  by  the  hypervelocity  impact  of  a  thin 
and  h lgh-atom l c-wei gh t  material  covering  in  front  of  the  cavity  with  the 
1  iquid(molten  salt)  target. 

The  schematic  drawing  of  the  Impact  Fusion  Molten-Salt  Breeder 
(IFMSB)  is  shown  in  Fig. 4  with  a  shaped  projectile  made  of  the  frozen 
salt  and  thorium  metal.  The  hyperve Joe i ty  shaped-projec t i le  is  injected 
into  the  center  of  voltex  of  molten  salt  target/bl anket  bath,  and  the 
generated  neutrons  by  the  thermonuclear  fusion  penetrate  deep  in  the 


target 


salt  to  produce  ^33U 


from  333Th  (or  239Pu  from  238,a 


This  molten-salt  system  is  essentially  similar  to  AMSB  (1)  except 
the  addition  of  He  bubbler,  which  is  not  clear  about  suitable  length 
yet.  He  bubbles  will  be  helpful  for  the  relaxation  of  mechanical  and 
thermal  shock  by  injection  and  reaction  (cf.Fig.4).  The  size  of  target 
salt  bath  is  about  4  m  in  diameter  and  10  m  in  depth.  Inside  of  the 
reactor  vessel  made  by  Hastelloy  N  (Ni-Mo-Cr  alloy)  is  covered  by  thick 
graphite  blocks  for  neutron  reflection.  The  target  salt  is  circulated  in 
flow-rate  of  about  5  m'Vsec  by  a  free-surface  type  centrifugal  pump.  The 
inlet  and  outlet  temperatures  of  salt  in  reactor  vessel  will  be  560  and 
680  VC.  The  generated  heat  is  transferred  to  the  coolant  s a 1 1  NaF-UaBf. 
through  the  intermediate  heat  exchanger  from  target  salt  circuit,  and  is 
used  for  electric  power  generation  applying  essentially  same  technology, 
which  is  developed  for  Molten-Salt  Breeder  Reactor  by  OR  If  L.  USA  (9/, 
except  the  improvement  of  the  electric  conversion  efficiency  to  460  or 
more  by  the  application  of  recent  ultra-supercritical  steam  turbine 
techno  1 ogy. 

The  composition  of  target/blanket  salt  is  chosen  from  the  several 
ltes  of  Th  or  il  containing  fluoride  salts,  as  presented  in  the 
of  AMSB  or  IHMSB  (1)  (2).  At  moment  one  of  t  h  e  m  o  t  i  "  t.  e  r  o  s  1. 1  n 
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candidates  of  Th  or  il  containing 
papers  of  AMSB  or 
composition  will  be 

LiF-BeF?-ThF4-?33llF4  (64- 18- 1  ?.  5-0.  5  mol*!, 
which  has  the  melting  point  of  about  540  ?C. 

The  shaped-projec 1 1  le  is  composed  of  frozen  glassy  salt  such  as 
L  i  F-BeF^-ThFj  (64-18-18  mo  17)  |7j 

eluded  by  Th  metal.  The  DT  fuel -pel  let  accommodated  in  it  will  be  a  Th 
metal  sphere  of  inner  diameter  8  mm. 


ESTIMATION  OF  IFMSB  PERFORMANCE 

We  are  not  understand i ng  yet  the  detailed  phenomena  in  impact 
fusion  in  practice.  However,  the  following  scenario  will  be  predicted: 
The  fuel-pellet  of  about  10  g  including  6 7  mg  DT  will  be  injected  into 
target  salt  once  in  every  ?,5  sec.  The  electric  power'  required  fo>- 
projectile  acceleration  will  become  about  880  MWe,  assuming  the  conver¬ 
sion  efficiency  of  about  10  Z. 

Assuming  the  t hermonuc 1  ear  reaction  efficiency  of  10  0,  the 
annual  yield  of  neutron  is  about  33,800  mol /year.  If  the  isotope  compo¬ 
sition  of  Li  in  target  salt  of  composition  |  7|  is  chosen  as  about  46; 
°Li,  the  production  of  tritium  will  become  self-sufficient  for  cent' 
nuous  reaction  operation,  and  the  production  of  3  i)  will  be  about  3.0 
ton/year,  by  the  estimation  from  the  neutromc  calculation  results  m 
the  case  of  IHMSB  (?).  However,  i  f  Uio  salt  composition  is  changed  t 
the  composition  shown  in  [6],  the  333ll  production  will  become  about  4.4 
ton/year  increasing  about  50  %  [cf.(l)|. 


The  heat  generations  in  target  salt  are  (1)  thermal  izat  ion  of 
kinetic  energy  of  projectile  :  about  82  MW  c or res  pond  1 ng  to  10  %  of 
electric  power  consumed  for  acceleration  is  and  (?)  thermonuc tear  reac¬ 
tion  heat:  1820  MU  produced  from  10  %  burning.  The  total  1902  Mwth  will 
reproduce  tne  electric  newer  of  874  MWe,  which  will  be  able  to  compen¬ 
sate  the  consumed  electric  power. 


DISCUSSIONS 

Already  the  three  ideas  un  the  fissile  breeder  facilities  have 
been  proposed: 

[A)  AMS8  :  Accelerator(Spa  1  lation)  Molten-Salt  Breeder  (i)(2), 

[B|  IHMSB  :  Inert  la  1-conf  ined  fusion  Hybrid  Molten-Salt  Breeder  (?), 
[Cl  IFMSB  :  Impact  Fusion  Molten-Salt  Breeder. 

A  is  the  most  reliable  concept  depending  on  the  sound  theoretical 
bases.  However',  we  have  to  widely  search  the  alternative  methods.  B  is 
more  ambitious  but  not  dear  on  technological  feasibility.  Many  injec¬ 
tion  holes  are  necessary,  which  will  introduce  several  engineering 
difficulties.  C  has  only  one  injection  hole  as  same  as  A,  and  is  based 
on  further  ambitious,  simple  but  crude  technologies.  Their  tecnnica1 
parameters  were  chosen  m  some  conservative  side  as  shown  in  previous 
chapter,  expecting  tne  higher  performances  of  IFMSB  from  the  following 
reasons . 

(1)  Mary  Molten-Salt  Fission  Power  Stations  will  be  operated  by  the 
direct  supply  of  the  targe:  salt  including  '  fion  IFMSB.  Careful 
design  of  Molten-Salt  Converter  Reactorsi M SCR )  could  guarantee  its  self- 
sufficient  operation,  that  "'ears  the  no  fissile  consumption  m  stationa¬ 
ry  ope  rat  i  on  except  'he  initial  stage  i  10)  (11).  For  example,  even  the 
small  155  Mlv'e  MSCR  (named  Fiji-  1 .  -I!)  has  the  conversion  ratio  of  about 
95  %  or  more.  The  possible  shortage  ot  electric  power  for  acceleration 
will  be  solved  by  the  electric  power  from  these  power  stations. 

(2)  The  recovery  of  electric  power  from  the  electric  loss  of  about 
737  Mwe  in  the  accelerator  should  be  expected  in  the  amount  of  !50~250 
MWe. 


(3)  The  separation  technology  of  tritium  from  molten-fluoride  system 
was  experimentally  established  by  0RNI.  This  is  depending  on  the  t'Hir 
trapping  by  the  water  content  of  secondary  coolant  salt  after  pe-nuatmo 
through  the  tube  wall  of  'n  termed  i  ate  heat  <_  >chd-r  :er.  However,  tne  total 
tritium  amount  handling  in  reactor  system  is  huge  such  as  2.3  <g  lay. 
IFMSB  is  connected  with  the  accelerator  vacuum  through  the  injection 
hole.  To  minimize  the  tritium  inventory  in  II  MSB,  the  improvement  of 
tritium  burning  efficiency  is  essential,  and  the  production 
part ic l pa t ion  in  outside  of  breeder  w  i  11  be  preferable.  IFMSB  can  choose 
the  lower  isotope  concentration  of  bLi,  and  the  partial  tritium  produc¬ 
tion  will  be  performed  in  the  other  closed  MSCRs  consum’rig  “  'Hor 
?j9Pu)  (12),  in  which  ^Li  composition  is  increased  than  the  ordinary 
MSCR,  and  the  tritium  permeation  to  atmosphere  will  be  perfectly  protec- 


tod  by  Mo  or  oxide  plating  of  vessel  and  components. 

(4)  The  Th  content  in  the  projectile  is  useful  for  compensation  of  YTh 
consumed  in  target  salt,  and  the  excess  Th  tips  will  be  collectjby 
strainer.  I F MSB  has  not  any  fine  structures  feasible  for  blockage. 

(5)  The  engineering  of  injection  port  is  one  of  the  most  ambiguous 
problems.  However,  the  number  of  injection  port  is  only  one  as  same  as 
AMSB  and  might  be  closed  among  the  interruption  of  injection. 


CONCLUSIONS 

The  concept  of  the  Impact  Fusion  Molten-Salt  Breeder  ( I F M SB )  is 
outlined.  The  key  technology  of  IFMSB  is  to  develop  highly  efficient 
accelerators,  one  of  which  is  being  developed  by  one  of  the 
authors!  K.  [. ).  Once  the  required  velocity  is  attained,  the  molten  salt 
target/blanket  concept  developed  by  modification  of  that  of  the  Accele¬ 
rator  Mo'teq-Salt  Breeder  (AMSB)  will  provide  an  ideal  technology  for 
breeding  or  other  fissile  materials. 

Many  unknowr  phenomena  exist,  in  this  concept,  and  the  estimation 
of  several  important  technical  parameters  is  in  low  reliability  still. 
However,  if  these  points  are  solved  m  sound  basis,  IFMSB  might  be 
expected  to  become  one  of  the  most  powerful  fissile  breeder,  winch 
target  salt  would  be  supplied  as  the  fuel  salt  of  Molten-Salt  fission 
Power  Stations,  integrally  constituting  one  of  the  most  idealistic 
energy  systems  for  the  next  century. 
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Mechanism  of  the  electromagnetic  acceleration  of  a  projectile 
in  a  cylindrical  electrode.  The  interaction  between  the  plasma 
brim  and  the  self-magnetic  field  gives  the  forward  thrust  to 
the  projectile. 


F  i  q  .  2  ■  Schematic  drawing  of  the  ablation  mass  driven  system.  In 
order  to  give  the  initial  velocity  to  the  projectile  with¬ 
out  the  use  of  an  additional  injection  system,  the  second 
ablator,  i.e.  aolator  2,  is  loaded  in  the  first  electrode 
with  length  L0. 

SHAPED-PROJECTILE 


HEAVY  METAL 
FOIL 


THERMONUCLEAR 
FULL-PELLET 
(DT) 


Fj._3.-3.  A  shaped  projectile  with  built-in  thermonuclear  pellet  and 

the  liquid  target.  Heavy  metal  foil  is  a  thin  and  hiqh- 
atomic  weight,  material  covering  the  cavity. 
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ABSTRACT 

Compos ional  changes  of  weld  metal  from  welds  made  by  submerged 
arc  flux  welding  of  steel  using  CaF2-Ca0-Si02  fluxes  are  consistent 
with  an  electrochemical  mechanism  in  which  the  filler  wire  is  anodi- 
cally  oxidized  to  form  oxides  and  fluorides,  and  metals  are  cathodically 
deposited  at  the  weld  pool-flux  interface.  This  speculative  mechanism, 
if  proven  by  further  detailed  studies,  could  make  it  possible  to  predict 
fluxes  which  will  improve  the  quality  of  welds. 


BACKGROUND 

The  control  of  the  chemistry  of  weld  metal  is  important  for  producing  high 
quality  welds.  An  understanding  of  the  mechanisms  which  alter  the  compositions 
of  weld  metal  would  be  a  primary  aid  in  such  control.  Much  prior  work  has  focused 
primarily  on  kinetically  limited  thermodynamically  driven  reaction  mechanisms. 
Such  a  pyrometallurgica!  approach  has  proven  to  be  useful  in  analyzing  some  data 
on  weld  metal  chemistry.  However,  such  analyses  have  not  yet  led  to  methods  for 
predicting  the  chemistry  of  weld  metal.  In  this  paper,  we  consider  the  possible 
importance  of  electrochemical  effects  on  the  chemistry  of  weld  metal  produced  in 
submerged  arc  welding  (SAW)  with  CaF2-Ca0-Si02  fluxes. 

Thermodynamic  models  have  been  proposed  to  predict  the  final  composition 
of  submerged  arc  welds  (1-3).  In  view  of  the  very  high  temperatures  involved  and 
small  molten  volumes,  some  investigators  (1)  assume  that  equilibrium  is  attained. 
Davis  and  Bailey  (1)  propose  that  the  transfer  of  elements  between  the  slag  and 
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the  weld  metal  depends  on  the  oxide  activities  in  the  slag,  which  are  directly 
connected  to  the  basicity  index  (B.I.)  of  the  slags.  Limited  measurements  have 
indicated  that  the  higher  the  basicity  indexes,  the  lower  the  oxygen  content  of 
the  weld  metal.  However,  it  is  probable  that  equilibrium  is  not  attained  and 
that  kinetic  factors  are  important.  For  example,  Thier  and  Dring  (2)  proposed 
a  diffusional  model  to  predict  the  final  content  of  elements  in  the  weld  metal. 
Thier  and  Dring  concluded  that  the  slag  composition  where  an  element  was  not 
transferred  to  the  metal,  the  neutral  point,  is  affected  only  by  the  current,  but  not 
by  the  voltages  changes  and  that  the  neutral  point  is  characteristic  for  a  specific 
type  of  flux. 

Ekstron  and  Olson  (4)  reported  that  the  change  in  Si  in  weld  metal  is  influ¬ 
enced  by  the  basicity  of  the  stag  and  that  this  influence  is  higher  when  the  basicity 
index  is  less  than  two.  Dallam  et  al.  (5)  found  that  while  the  Si  level  in  the  weld 
metal  was  correlated  with  the  basicity  index,  the  Mn  content  of  the  weld  depends 
on  the  amount  of  MnO  in  the  slag.  Indacochea  et  al.  (6)  showed  qualitatively  the 
same  correlation  between  flux  and  weld  metal  composition. 

Despite  qualitative  agreement  among  researchers  regarding  the  flux  type  and 
direction  of  elemental  transfer,  there  is  no  precise  determination  of  a  “neutral 
point,”  even  though  very  similar  types  of  fluxes  were  used  in  several  of  these  stud¬ 
ies.  These  discrepancies  may  be  attributed  to  the  different  welding  parameters 
used,  as  well  as  to  wire  and  flux  compositions.  Consideration  of  such  parame¬ 
ters,  primarily  current  and  voltage,  could  lead  to  a  better  understanding  of  the 
elemental  transfer. 

It  is  clear  that  essentially  al!  prior  studies  have  been  relatively  narrowly  de¬ 
fined.  A  more  comprehensive  approach  is  needed  in  which  the  diverse  kinetic  and 
thermodynamic  factors  involved  in  SAW  (6,7)  are  examined  and  which  also  ex¬ 
plores  the  possibility  of  mechanistic  factors  which  have  not  been  considered.  Such 
an  approach  is  made  difficult  by  the  complexity  of  the  processes  in  SAW.  The 
D.C.  voltages  and  currents  are  very  high  (e.g.,  30  V,  400  A)  and  lead  to  a  system 
containing  the  four  principal  phases,  a  weld  wire,  a  molten  flux,  a  plasma  arc  and 
a  weld  pool  with  five  interfaces  among  them.  Most  of  the  current  is  transported 
by  electrons  in  the  plasma  from  the  generally  cathodic  weld  pool  to  the  generally 
anodic  weld  wire  (or  filler  wire).  The  electrons  heat  the  continuously  fed  wire  to 
melt  it  and  form  droplets  which  fall  through  the  molten  flux  and  the  plasma.  In 
addition,  not  only  are  the  temperatures  high,  but  there  are  also  large  temperature 
gradients,  as  well  as,  large  temporal  changes  in  temperature  as  the  weld  wire  po¬ 
sition  is  moved  along  the  weld.  An  attack  on  such  a  complicated  problem  requires 
some  simplification. 

One  way  to  simplify  the  approach  to  such  a  complex  system  is  to  isolate  the 
different  parts  of  the  problems.  For  example,  in  this  paper  we  chose  to  examine 
electrochemical  effects,  which  have  not  been  considered  before.  All  welding  fluxes 
when  molten  are,  at  least  in  part,  ionic  and  the  number  of  coulombs  passed  per 
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mole  of  metal  is  very  large.  If  even  a  small  fraction  of  the  total  current  (<0.01 ) 
is  involved  in  a  Faradaic  process,  electrochemical  effects  at  metal-flux  interfaces 
could  be  a  major  factor  controlling  the  chemistry  of  weld  metal  (8).  In  addition, 
because  the  very  hot  plasma  is  essentially  electrically  neutral  and  in  contact  with 
the  relatively  volatile  fluxes,  there  have  to  be  at  least  as  many  positive  ions  as  there 
are  electrons.  In  addition,  there  could  be  stable  negative  ions  formed  from  flux 
evaporates.  Thus,  there  could  also  be  electrochemical  reactions  at  the  plasma 
metal  interfaces  (8). 

In  this  paper,  we  examine  the  possibility  that  the  changes  in  chemistries  of 
weld  metal  with  changes  in  the  composition  of  CaF2  containing  fluxes  might  bo 
related  te  an  electrochemical  mechanism. 


EXPERIMENTAL  WORK 

Experimental  reagent-grade  fused  fluxes  at  differing  cc  ^positions  of  the  CaF 2- 
OaO-SiOj  system  were  used.  The  different  fluxes  used  are  summarized  in  Table  i. 
The  base  metal  and  filler  metal  compositions  and  the  welding  process  parameters 
are  summarized  in  Tables  2  and  3,  respectively.  All  the  welds  were  automatically 
programmed  in  a  microprocessor-controlled  welding  apparatus.  The  welds  were 
single-pass  bead-on-p!ate.  The  chemistries  of  the  welds  and  base  plate  were  mea¬ 
sured  by  x-ray  spectrometry  and  those  of  the  filler  weld  wires  were  measured  by 
an  atomic  absorption  method.  The  contents  of  silicon,  manganese,  and  oxygen  in 
weld  metal  are  given  in  Figures  1-3  for  measurements  on  these  different  mixtures. 


ELECTROCHEMICAL  MECHANISMS 

In  SAW,  the  filler  wire  is  generally  anodic  and  the  weld  pool  is  cathodic. 
Current  is  carried  between  these  metals  by  the  plasma-arc  and  by  the  molten  flux 
with  the  plasma-arc  carrying  most  of  the  current. 

At  the  interface  between  the  flux  and  the  cathodic  weld  pool,  the  metals  in 
the  flux  tend  to  deposit  by  reactions  such  as 

Ca2^(fiux)  1  2e  ♦Ca(mctal) 

Si4+(flux)  t  4e— ‘Si(metal)  (1) 

The  products,  which  are  formed  metastably  at  the  interface,  tend  to  simultane¬ 
ously  diffuse  into  the  inetal  and  back  react  with  the  slag  components  by  reactions 
such  as 

SiOz  +  Ca<=*2CaO  r  Si  (2) 

Thus,  the  balance  between  the  different  elements,  which  might  be  deposited 
is  controlled  by  the  relative  kinetics  of  the  electrodeposition  process,  of  the  back 


918 


reactions  (or  volatilities),  and  of  the  diffusive  processes  which  carry  the  interfacial 
materials  away  from  the  interface.  Because  of  the  high  volatility  of  Ca  and  its 
relative  insolubility  in  steel,  Ca  is  likely  to  vaporize  through  the  flux  and  to  partly 
react  according  to  Eq.  (2). 

The  most  important  anodic  reaction  is 

nO2 '  +  M(metal) -MO„  •  2ne  (3) 

where  M  is  a  metal  at  the  weld  wire-flux  interface  and  2n  is  the  valence  of  the 
metal  in  the  oxide.  Fluoride  is  probably  also  involved  in  an  anodic  reaction,  but 
forms  relatively  volatile  products,  which  need  not  be  considered  here.  Because  of 
large  overpotentials,  all  of  the  metals  at  the  interface,  principally  Fe,  will  oxidize. 
The  less  noble  metals  in  the  alloy,  such  as  Nln  and  Si,  will  diffuse  towards  the 
interface  and  react  with  the  FeO  by  reactions  such  as 

FeO  ■  Mm-iMnO  ■  Fe 

2 FeO  ■  Sir'StOi  +  2 Fe  (4) 

In  addition,  some  oxides  will  diffuse  into  the  metal  and  some  will  dissolve  in  the 
flux.  The  overall  effect  is  to  greatly  increase  the  oxygen  content  of  the  weld  wire 
tip  and  to  decrease  the  less  noble  metals,  such  as  Mil  and  Si  somewhat.  When 
heated  sufficiently,  the  tip  forms  a  droplet,  which  will  have  a  high  oxide  content 
near  the  surface  and  which  will  tend  to  lose  some  of  its  less  noble  metals  to  the 
flux.  Measurements  of  such  droplets  by  Lau  et  al.  (9.10)  in  CaO-AIzCh  based 
fluxes  have  demonstrated  their  very  high  oxygen  contents. 

When  these  oxide  rich  droplets  fall  into  the  weld  pool,  the  oxides  can  react 
with  the  more  active  metals,  including  those  which  have  been  electrodeposited. 
In  the  measurements  of  Lau  et  al.  (9,10),  a  large  fraction  of  the  oxide  associated 
with  the  droplets  is  removed  before  being  incorporated  in  the  weld,  probably  by 
back  reactions  with  the  most  active  metals  in  the  weld,  such  as  Ca  or  Si  (or  Al  in 
their  measurements). 

An  understanding  of  the  electrochemistry  of  the  plasma  is  limited  by  t lie 
sparsity  of  information  on  plasma  species.  Most  of  the  current  is  carried  by 
electrons.  However,  because  of  the  constraint  of  electroneutrality  of  the  dense 
plasma,  the  number  of  positive  ions  is  at  least  as  large  as  the  number  of  electrons 
and  these  ions  can  carry  a  small,  but  significant,  fraction  of  the  current.  Metals 
such  as  Fe,  Ca.  and  Mn  are  relatively  volatile  and  are  probably  ionized  to  form 
positive  ions.  Oxygen  can  be  present  as  Of  and  possibly  as  O  and  the  presence 
of  some  oxyions  derived  from  SiO,  SiOj.  FeO.  or  MnO  vapor  molecules  is  likely, 
but  there  is  no  information  on  the  numbers  or  distributions  of  such  positively  and 
negatively  charged  ions.  All  of  these  ions  can  participate  in  Faradaic  processes, 
which  will,  to  a  first  approximation,  parallel  the  Faradaic  processes  involving  the 
slag. 
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INTERPRETATION  OF  THE  EXPERIMENTS 


As  can  be  seen  in  Fig.  1,  the  silicon  contents  of  the  weld  metals  are  generally 
higher  than  the  nominal  values  expected  from  simple  mixing  of  roughly  equal 
amounts  of  the  base  metal  and  filler  wire  and  increases  with  an  increase  in  the  Si02 
content  of  the  CaFj-CaO-SiOj  mixtures,  but  decreases  with  an  increase  in  the 
current  density.  Since  the  silica  in  the  fluxes  tends  to  form  anionic  species  (chain 
silicates  or  fluosilicates),  it  is  probably  that  the  kinetics  of  direct  electrochemical 
deposition  of  silicon  is  not  as  favorable  as  that  for  the  deposition  of  the  volatile  Ca. 
Consequently,  a  small  amount  of  Si  would  be  directly  formed  electrochemically, 
but  more  is  likely  to  form  by  the  evaporation  of  Ca,  which  would  then  reduce  SiC>2 
in  the  flux  to  Si.  Hack  reactions  of  the  Si  with  the  oxides  on  weld  wire  droplets 
would  reduce  the  total  amount  of  metallic  Si  produced  by  this  mechanism.  The 
higher  the  ratio  of  CaO  to  CaF2  in  the  melt,  the  greater  the  amount  of  oxide 
which  is  produced  at  the  weld  wire  tip  and  the  greater  the  amount  of  Si  which 
would  be  rcoxidized  and  redissolve  in  the  flux.  Of  course,  one  also  expects  that 
the  amount  of  metallic  Si  produced  would  be  larger  the  greater  the  Si02  content 
of  the  flux.  This  is  consistent  with  the  results  in  Fig.  1 .  The  increase  of  Si  content 
in  weld  metal  with  an  increase  of  current  could  be  understood  by  any  one  of  a 
number  of  possible  mechanisms,  which  are  too  numerous  to  discuss  here.  Further 
work  on  the  effect  of  current  is  needed  to  completely  define  the  mechanism. 

As  can  be  seen  from  Fig.  2,  the  manganese  content  of  the  weld  metal  is 
fairly  close  to  that  expected  for  mixtures  of  weld  wire  and  base  plate  metal  for 
the  lowest  contents  of  SiC>2  in  the  flux.  With  an  increase  in  the  concentration  of 
SiOi,  one  would  expect  an  increased  amount  of  oxide  produced  at  the  anode  and 
a  larger  loss  of  Mn  from  the  filler  wire,  which  contains  the  majority  of  the  Mn 
expected  in  the  weld.  This  can  thus  lead  to  the  observed  decrease  in  Mn  with 
increased  SiOz  in  the  flux. 

The  compositional  changes  of  most  concern  are  those  related  to  oxygen.  The 
physical  properties  and  quality  of  welds  is  strongly  influenced  by  the  amount 
of  oxygen.  Fig.  3  exhibits  the  changes  in  oxygen  content  for  the  different  flux 
compositions.  It  is  obvious  that  the  concentration  of  oxygen  in  the  weld  decreased 
with  a  decrease  in  the  amount  of  silica  in  the  flux.  For  the  lowest  concentrations 
of  silica,  the  concentration  of  oxygen  differs  little  from  that  of  the  original  metals 
(~200  ppm).  This  difference  is  consistent  with  the  electrochemical  mechanism  we 
propose. 


DISCUSSION 

The  measurements  we  present  are  consistent  with  the  speculation  that  an 
electrochemical  mechanism  is  important  in  altering  the  chemistry  of  weld  metal 
in  SAW.  In  prior  work  (8),  examination  of  the  effects  of  this  mechanism  on  weld 
metal  compositions  measured  by  Indacochea  et  al.  (6)  have  indicated  that  the 
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contents  of  Mn,  Si,  O,  anti  other  elements  in  welds  produced  from  SiOi-FeO- 
MnO  fluxes  were  also  consistent  with  an  electrochemical  mechanism.  However,  a 
thermodynamically-driven  kinetically-constrained  mechanism  may  also  be  possi¬ 
ble  if  the  slag-metal  interface  is  at  very  high  temperatures  (>  2200  K).  Heat  flow- 
considerations  make  this  high  a  temperature  unlikely.  A  test  of  the  correctness  of 
our  speculations  will  ultimately  require  much  more  detailed  measurements.  One 
set  of  such  measurements  has  been  made  by  Lau  et  al.  (9,10)  who  have  shown 
that  metal  droplets  from  the  filler  wire  are  very  high  in  oxygen,  which  is  largely 
present  as  FeO,  MnO.  and  SiOj  containing  inclusions  in  the  metal  (10);  these 
could  not  have  been  formed  by  a  thermodynamic  mechanism.  We  are  planning 
measurements  of  analogous  microscopic  compositional  details  to  test  the  validity 
of  our  speculations. 

The  long  term  goal  of  our  work  is  to  integrate  our  finding  on  this  electrochem¬ 
ical  mechanism  with  a  comprehensive  analysis  of  the  important  thermodynamic 
(6)  and  kinetic  (7)  factors.  Although  consideration  of  these  factors  and  of  all  the 
welding  parameters  (currents,  voltay  s,  wire-feed  rate,  welding  speed)  simultane¬ 
ously  is  very  difficult  and  too  complex  for  quantitative  predictions,  our  results  to 
date  have  led  to  useful  qualitative  predictions  on  flux  compositions  which  should 
improve  the  properties  of  welds.  If  an  electrochemical  mechanism  can  hr  shown 
to  be  important,  the  deduction  of  methods  for  predicting  weld  chemistry  would 
be  greatly  simplified. 


ACKNOWLEDGMENTS 

This  work  was  performed  under  the  research  support  of  the  Office  of  Naval 
Research  at  Argonne  National  Laboratories  under  Navy  Order  No.  N00014-87-F- 
0064. 


REFERENCES 

1.  M.  L.  E.  Davis  and  N.  Bailey,  “How  Submerged-Arc  Flux  Composition  Influ¬ 
ences  Element  Transfer,”  Weld  Pool  Chemistry  and  Metallurgy  Conference, 
pp.  289-302,  The  Welding  Institute,  Cambridge  (1980). 

2.  H.  Thier  and  Dring,  “Metallurgical  Reactions  in  SAW,”  Weld  Pool  Chem¬ 
istry  and  Metallurgy  Conference,  pp.  271-278,  The  Welding  Institute.  Cam¬ 
bridge  (1980). 

3.  C.  S.  Chai  and  T.  W.  Eagar,  “Slag-Metal  Equilibrium  During  SAW."  Met¬ 
allurgical  Transactions  B,  V.  16-B,  pp.  539-547  (1985). 

4.  V.  Ekstrdm  and  K.  Olson,  “The  Influence  of  Ferrite  and  Oxygen  Contents 
on  Weld  Metal  Mechanical  Properties  of  Submerged  Arc  Welded  Stainless 


921 


Steel,”  Weld  Pool  Chemistry  and  Metallurgy  Conference,  pp.  323-332,  The 
Welding  Institute,  Cambridge  (1980). 

5.  C.  B.  Dallam,  S.  Liu,  and  D.  L.  Olson.  "Flux  Composition  Dependence  of 
Microstructure  and  Toughness  of  Submerged  Arc  HSLA  Weldments,”  Weld¬ 
ing  Journal,  V.  64,  pp.  140s-151s  (1985). 

6.  J.  E.  Indacochea.  M.  Blander,  N.  Christensen,  and  D.  L.  Olson.  “Chemical 
Reactions  During  SAW  With  Fe0-Mn0-Si02  Fluxes,”  Metall.  Trans..  V. 
16B.  pp.  237-245  (1985). 

7.  M.  Blander  and  D.  L.  Olson,  “Thermodynamic  and  Kinetic  Factors  in  the 
Pyrochemistry  of  Submerged  Arc  Flux  Welding  of  Iron  Based  Alloys."  in 
Second  International  Symposium  on  Metallurgical  Slags  and  Fluxes,  eds.  A. 
Fine  and  D.  R.  Gaskell,  TMS-AIME.  Warrendale.  PA.  pp.  271-277  (1984). 

8.  M.  Blander  and  D.  L.  Olson.  “Electrochemical  Effects  on  Weld  Pool  Chem¬ 
istry  in  Submerged  Arc  and  D.C.  Electroslag  Welding,”  Proceedings  Inter¬ 
national  Conference  on  Trends  in  Welding  Research  (Advances  in  Welding 
Science  and  Technology),  pp.  303-3GC.  Gatlinburg.  TN,  May  18-22.  1980  . 

9.  T.  Lau,  G.  C.  Weatherly,  and  A.  McLean.  “The  Sources  of  Oxygen  and 
Nitrogen  Contamination  in  Submerged  Arc  Welding  Using  CaO-Al^O.j  Based 
Fluxes,”  Welding  Journal  64(12).  pp.  343s-347s  (1985). 

10.  T.  Lau.  G.  C.  Weatherly,  and  A.  McLean.  “Gas  Metal  Slag  Reactions  in 
Submerged  Arc  Welding  Using  CaO-Al^O.i  Based  Fluxes."  Welding  Journal 
65(2),  pp.  31s-38s  (1986). 


Table  1.  Nominal  Flux  Compositions  w  o 


Si02 

CaFj 

CaO 

40 

10 

50 

40 

20 

40 

40 

30 

30 

40 

40 

20 

30 

30 

40 

30 

40 

30 

30 

50 

20 

30 

60 

10 

20 

40 

40 

20 

50 

30 

20 

60 

20 

20 

70 

10 

943 
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Table  3.  Welding  Process  Parameters 
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Fig.  1.  Silicon  Content  in  the  Welds  Produced  with  the  SiO^-CaO-CnFi  Sub¬ 
merged  Arc  Welding  Fluxes  for  Two  Heat  Inputs. 
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ABSTRACT 

The  submerged  arc  welding  process  uses  a  D.C.  arc  under  a  protec¬ 
tive  slag  cover  to  melt  a  consumable  wire  electrode.  The  purpose  of 
this  work  is  to  investigate  the  relative  influence  of  electrochemical  and 
thermochemical  reactions  at  the  surface  of  the  electrode  of  the  com¬ 
position  on  the  liquid  metal  droplet.  Chemical  analyses  were  carried 
out  on  the  melted  wire  electrode  tips  and  on  the  detached  droplets  for 
both  reverse  polarity  (wire  is  anodic)  and  straight  polarity  (wire  is  ca¬ 
thodic)  polarities.  The  results  suggest  that  both  thermochemical  and 
electrochemical  reactions  are  important  in  altering  the  composition  of 
the  detached  droplet. 


INTRODUCTION 

The  submerged  arc  welding  process  consists  of  a  consumable  electrode,  an 
electrically  conducting  slag  and  a  work  piece  Figure  1  shows  a  schematic  draw¬ 
ing  of  the  submerged  are  welding  process,  which  is  complex  and  characterized  by 
large  currents,  large  gradients  of  temperature,  and  four  complex  phases.  The  dux 
is  fed  to  the  plate  surface  ahead  of  the  weld,  and  the  arc  and  weld  pool  tire  pro¬ 
tected  from  the  atmosphere  by  a  molten  flux  layer.  The  welding  current  is  carried 
largely  by  the  submerged  arc  and  to  some  extent  by  conduction  in  the  molten  Hux 
layer.  The  overall  composition  of  the  weld  is  controlled  by  the  composition  of  the 
metal  droplets  which  enter  the  weld  pool,  by  the  amount  of  dilution  of  the  weld 
pool  by  the  parent  plate,  and  by  electrochemical  and  thermochemical  reactions  at 
the  weld  pool  slag  anil  electrode  slag  interfaces  before  solidification  takes  place. 
Ttiree  chemical  reaction  sites  and  two  generic  reaction  mechanisms  arc  available 


for  modification  of  the  weld  metal  composition  by  reaction  with  the  slag.  Both 
therinochemical  and  electrochemical  reactions  are  expected  to  occur  at  the  elec¬ 
trode  tip.  The  electrochemical  reactions  would  result  front  ionic  conduction  of  a 
portion  of  the  welding  current  through  the  molten  slag  layer.  Only  thermochem¬ 
ical  reactions  are  expected  to  occur  at  the  surface  of  the  detached  droplets  since 
the  droplets  are  no  longer  carrying  current.  The  molten  metal  in  the  weld  pool 
is  influenced  by  both  electrochemical  and  therinochemical  reactions  with  the  slag 
before  solidification  occurs. 

The  most  important  chemical  considerations  for  submerged  arc  welding  in¬ 
clude  the  control  of  oxygen,  oxidation  losses  of  alloy  elements,  and  the  pickup  of 
undesirable  elements  from  the  slag.  The  objective  of  this  work  was  to  understand 
the  nature  and  extent  of  electrochemical  and  thermochemical  reactions  at  the 
electrode  tip  anil  in  the  detached  droplets. 

A  number  of  investigations  have  been  made  concerning  the  nature  of  chem¬ 
ical  reactions  at  the  electrode  tip  and  in  the  detached  droplets.  These  include 
work  by  Pokhodnya  and  Kostenko  (1),  Potapov  and  Lyubauskii  (2).  Norm  and 
Malyshev  (3).  (irong  and  Christensen  (4).  Mitra  (&).  and  Lau  et  al.  (0).  However, 
few  investigators  have  considered  the  electrochemical  reactions  that  occur  when 
direcr  current  is  used  in  welding.  Frost  et  al.  (7)  considered  the  different  chemical 
effects  at  the  anode  and  cathode  in  electroslag  welding.  Blander  and  Olson  (8) 
postulated  an  electrochemical  mechanism  for  the  alteration  of  wold  metal  chem¬ 
istry  in  submerged  arc  welding.  The  purpose  of  this  research  is  to  investigate  the 
importance  of  electrochemical  reactions  in  controlling  the  chemistry  of  weld  metal 
in  submerged  arc  welding. 

The  possible  anodic  reactions  include  the  oxidation  of  iron  and  alloy  elements, 
and  the  discharge  and  pickup  of  oxygen  anions  from  the  Hux 

M(tnetal)  ■  nO"  (slag)lMOn  •  2ne  (1) 

where  M  is  iron  nr  an  alloy  element  at  the  electrode  tip  slag  interface.  The 
possible  cathodic  reactions  include  the  reduction  of  metal  ions  from  the  flux,  and. 
to  some  extent,  the  refining  of  nonmetallic  elements  such  as  oxygen  and  sulfur 

M"  '(slag)  t  2e  M(metal)  (2) 

Si  f  1[slag)  *  4e  Si(metal)  (3) 

Of inetal)  i  2e  ()“  (slag)  (4| 

where  M  and  Si  represent  elect rodeposited  metals  at  the  interface. 

The  therinochemical  reactions  at  the  elertrode  tip  are  rapid  because  of  the 
high  temperatures  in  the  vicinity  of  1800  to  2000^f\  These  include  deoxidation 


reactions,  such  as  those  encountered  in  steel  making,  and  reactions  which  lead  to 
a  closer  approach  to  equilibrium  between  the  flux  and  metal  phase.  Examples  ot 
such  reactions  would  he  silicon  pickup  from  a  high  silica  flux  or  the  oxidation  loss 
of  transition  elements  through  a  deoxidation  reaction 


Si(>2(slag}  •  2M( metal) 

Si  (metal) 

•  2MO(slati) 

(5) 

FeO(sIag)  M(  metal) 

Fe( metal)  ■ 

M()(slat’ ) 

16) 

where  M  ran  he  A1  or  (’a  in  reactions  (5)  and  (6)  and  Mn  in  reaction  (6!  for  the 
Hux  system  used  in  this  research.  Once  the  molten  droplet  separates  from  the 
electrode,  the  electrochemical  reactions  stop,  and  compositional  changes  occur 
only  hv  therinochemical  reactions.  The  objectives  of  this  research  are  to  evaluate 
flu*  nature  and  relative  extent  of  the  electrochemical  and  thermochemical  reaction*' 
which  occur  at  the  electrode  and  in  the  molten  droplets  in  the  submerged  arc 
welding  process. 


EXPER IMEXTA L  PR ( K ’ED UR E 

Straight  (cathodic  electrode  win*}  and  reverse  (anodic  electrode  wire)  polarity 
submerged  arc  “welds"  were  made  with  a  commercial  low-carbon  steel  welding 
wire  (2.38  mm)  on  a  pure  copper  plate.  The  compositions  of  the  welding  wire  and 
the  commercial  Hux  an*  given  in  Table  I. 

The  welding  process  was  operated  in  both  straight  and  reverse  polarity  at  a 
constant  wi  lding  current  of  58«r>  amperes  and  a  constant  potential  of  28.5  volts. 
The  constant  current  was  obtained  by  adjustment  of  the  wire  electrode  velocity 
which  was  170  inches  minute  for  flu*  anodic  wire  and  235  inches  minute  for  the 
cathodic  wire*.  The  electrode  tips  were-  collected  by  stopping  the  welding  process 
and  pulling  the  electrode  away  front  the  weld  pool.  The  separated  droplets  were 
collected  by  magnetic  separation  after  running  the  weld  at  a  high  velocity  over  a 
water  cooled  copper  plate  so  that  file  droplets  remained  suspended  in  the  molten 
Hux. 

(’heiniral  analyses  of  flit*  alloy  elements  in  the  electrode  tips  were  carried 
out.  by  rolling  the  tips  to  produce  Hat  specimens  and  analyzing  with  an  emission 
spectrograph.  The  compositions  used  for  comparison  are  averages  of  the  compo¬ 
sitions  for  several  electrode  tips.  Tin*  separated  droplets  were  analyzed  using  the 
wave  length  dispersive  analyzer  on  a  .1E()L  scanning  electron  microscope.  The  re¬ 
porter!  analyses  are  an  average  of  the  compositions  for  several  droplets  Analyse? 
for  oxygen  were  carried  out  using  a  I, ECO  interstitial  analyzer. 
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RESULTS  AND  DISCUSSION 


The  purpose  of  this  investigation  was  to  consider  the  relative  influence  of 
fherinochetnicnl  an/1  elect rochemical  reactions  on  tin*  composition  of  the  liquid 
metal  droplet.  Elect rorhemiral  reactions  are  expected  because  of  the  high  current 
densities.  and  theriuocheuiical  reactions  an*  expected  because  of  tin*  high  temper¬ 
atures  ami  the  generally  large  and  temperature  dependent  differences  in  c*lt<-i ui«  <il 
potentials  of  the  various  reactants  and  products  in  the  liux  and  metal  phases. 
An  examination  of  tin*  metal  and  Hux  compositions  in  Table  I.  shows  that  the 
electrode  has  very  low  silicon  and  oxygen  concentrations,  and  a  relatively  high 
manganese  concentration,  while  the  flux  has  a  high  silica  arrivify  and  a  relatively 
very  low  manganese  oxide  iron  oxide  ratio,  which  is  far  from  equilibrium  with 
the  wire.  Thus,  t h* •  manganese  content  of  the  metal  would  be  expected  to  drop 
through  tin  rrm»dn  mical  oxidation  losses  to  the  flux,  and  the  silicon  and  oxygen 
content  iti  tl«i>  metal  would  bo  expected  to  in<  rease  through  reaction  with  the  flux 

Figure  2  show*  a  plot  of  the  average  oxygen  contents  of  the  wire,  the  elec¬ 
trode  rip.  and  the  separated  droplets  for  both  straight  Icathodic  wire  elect  rode  | 
and  reverse  (anodic  wire  electrode)  polarity  weld*.  The  data  show  a  very  low 
oxygen  content  in  the  electrode  (20  ppm  I  and  very  significant  oxygen  pickup  in 
the  electrode  tip  from  both  t lieriuochemical  and  electrochemical  reactions.  Tin 
influence  of  electrochemical  reactions  is  shown  by  tin*  fact  that  tin  oxygen  content 
of  tin*  «///>/]/*  tip  in  the  reverse  polarity  power  mode  t.VJI  ppm)  i*  over  t  wic*  that  of 
the  cathode  in  the  straight  polarity  power  mode  1 27 7  ppm).  Tin  real  difference  i- 
somewhat  less  since  more  wire  is  fed  and  melted  at  the  cathode  for  a  lixed  curre.it . 
thus  diluting  the  total  electrochemical  and  theriuocheuiical  elfect  at  tin*  cathode. 
The  influence  of  thermocheinical  oxygen  pickup  is  dinwn  by  the  fact  that  signifi¬ 
cant  oxygen  pickup  is  observed  in  both  electrode  positive  and  electrode  negative 
configurations.  Since  the  electrode  tip  is.  on  the  average,  halfway  to  In  coming  • 
droplet,  the  droplets  should  start  with,  very  roughly,  twice  tin-  oxygen  content  of 
tin*  tip. 

If  the  electrochemical  and  thermochemical  reactions  w«  ..  considered  a-  sep¬ 
arate  steps,  the  average  elect  rode  tip  oxygen  concent  rat  ion  for  the  two  polarities 
could  be  considered  to  crudely  represent  1 1  e  thermo/*  hem  cal  coin  ribut  ion.  and  tin 
separation  of  the  two  concentrations  from  this  mean  would  represent  tin*  electro¬ 
chemical  effects.  However,  the  different  win*  fee/1  rates  cloud  this  interpretation. 
The  average  oxygen  concentration  tor  the  two  electrode  tips  is  -\‘.\\  Th  s  ran 
only  crudely  represent  tin*  substantia!  fhermochemi/a}  pickup  above  the  2<  <  ppm 
oxygen  present  in  tin*  initial  e  ectrode. 

Figure  3  shows  the  silicon  contents  in  the  initial  electrode,  the  «  lertrode  tip. 
ami  the  s/*parat/*d  /Iroph't.  'I" he  analyses  suggest  significant  contributions  from 
both  t  hermoclieiniral  ami  /*h*ct  rochemical  reaction*.  The  wir«  electrode  ha-  a 


very  low  oxygon  contonf  of  around  0.002  \vt  '  (  .  while  the  Huy.  has  a  SiOo  content 
of  about  11.22  wt  ‘  i.  This  causes  the  thermochemical  pickup  of  around  0. 10  wt  ‘  i 
silicon  from  the  Httx.  The  electrochemical  influence  is  significant,  as  is  indicated 
by  the  fact  that  the  cathodic  tip  silicon  content  is  about  0.00  wt  '7  higher  than 
that  of  the  anodic  tip  and  by  the  fact  that  the  cathode  feed  rate  is  higher  than 
the  anode  feed  rate  which  means  that  the  total  amount  of  Si  in  the  cathodic 
tips  and  droplets  is  relatively  much  higher  than  is  indicated  in  Figure  X.  The 
change  in  the  silicon  concentration  from  the  electrode  tip  to  the  detached  droplet 
is  mostly  thermochemical.  With  silicon,  however,  there  is  a  decrease  rather  than 
the  expected  increase  in  silicon  content  of  the  droplet  compared  to  the  electrode 
tip  indicating  that  a  large  fraction  of  the  silicon  in  the  droplet  has  bark  reacted 
with  more  noble  metal  oxides  in  the  flux  |e.g..  Feo()3) .  One  of  the  possible  driving 
force's  for  this  reaction  is  related  to  the  probability  that  the  droplet  is  at  a  lower 
temperature  and  has  a  higher  oxygen  content  than  the  tip. 

Figure  4  shows  similar  behavior  for  the  manganese  contents  in  tin-  electrode, 
the  electrode  tip.  and  the  detached  droplet.  Doth  thermochemical  and  electro¬ 
chemical  reactions  are  indicated:  however,  the  high  manganese  content  in  the 
electrode  and  low  MnO  iron  oxide  ratio  in  the  flux  lead  to  a  thermochemical 
manganese  loss  at  the  electrode  tip.  The  average  manganese  content  is  further 
decreased  by  thermochemical  reactions  with  more  noble  metal  oxides  in  the  Hux 
in  going  from  the  electrode  tip  to  the  separated  droplet,  which  falls  through  and 
reacts  with  the  Hux. 

Figure  5  compares  the  droplet  compositions  for  the  various  alloy  elements  to 
the  initial  electrode  contents.  Significant  electrochemical  reactions  art  present  for 
most  of  the  alloy  element-  Silicon,  aluminum,  and  manganese  show  higher  con¬ 
centration-  in  tin1  cathodic  droplets  than  in  the  anodic  droplets  Tins  i-  largely 
caused  by  oxidation  losses  to  the  Hux  at  the  anode,  and  electrochemical  reduction 
from  the  Hux  at  the  cathode.  The  differences  for  nickel,  titanium,  and  chromium 
are  of  the  order  of  the  analytical  uncertainties  and  are  <hns  inconclusive.  Molyb¬ 
denum  shows  the  opposite  trend.  That  is.  the  concentration  in  the  anode  is  higher 
than  that  of  the  cathode.  This  behavior  may  be  caused  by  the  fact  that  molyb¬ 
denum  is  more  noble  than  iron,  and  the  apparent  concentration  changes  are  the 
result  of  iron  oxidation  losses  at  the  anode  and  reduction  from  the  Hux  at  the 
cathode.  Figure  5  suggests  significant  tliermochemical  contributions  only  in  the 
cases  of  s  licon.  aluminum,  ami  manganese. 

coxclusioxs 

1.  Composition  changes  at  the  electrode  tip  and  in  the  separated  droplets  in 
submerged  arc  welding  appear  to  be  the  result  of  both  thermochemical  and 
eleet  rochemical  react  ions. 


2.  The  thermochemical  reactions  are  caused  by  expected  reactions  between  the 
fiux  and  metal  The  electrochemical  reactions  at  the  anode  include  oxidation 
losses  of  alloy  elements  to  the  flux  and  the  discharge  and  pickup  of  oxygen 
anions  from  the  flux.  The  electrochemical  reactions  at  the  cathode  include 
the  reduction  of  metal  ions  from  the  flux  and  the  refining  of  oxygen. 

3.  Composition  changes  in  the  droplets  after  separation  from  the  submerged  arc 
electrode  are  primarily  thermocbemical  in  nature. 

Further  experiments  with  synthetic  fluxes,  which  ar<  chosen  to  minimize  ther¬ 
mochemical  reactions,  are  planned  and  should  help  to  better  define  the  relative 
importance  of  electrochemical  reactions. 

acknowledgments 

Three  authors  (J.H.K.,  R.H.F..  and  D.L.O.)  wish  to  acknowledge  the  support 
of  the  U.S.  Army  Research  Office  at  the  Colorado  School  of  Mines  and  MB. 
acknowledges  the  support  of  the  Office  of  Naval  Research  at  Argonne  National 
Laboratory  under  Navy  Order  No.  N00014-85-F-OU97. 

REFERENCES 

1.  Pokhodnya.  I.  K..  and  Kostenko.  B.  A..  "Fusion  of  Electrode  Metal  and  It'  In¬ 
teraction  with  the  Slag  During  Submerged  Arc  Welding,"  Automata  Welding. 
No.  10.  pp.  10-22  ( 19G5). 

2.  Potapov.  N.  N.  and  Lyuhaitxkii.  K.  V..  "Interaction  between  the  Metal  and 
Slag  in  the  Reaction  Zone  During  Submerged  Arc  Welding."  Automatic  Weld¬ 
ing,  No.  7.  pp.  0-11  ( 107 1 ) . 

3.  Xorin.  P.  A.  and  Malyshev.  X.  I  .  "Losses  of  Manganese  from  E!ectrod< 
Droplets  in  Arc  Welding  in  Air."  Automatic  Welding  No  2.  pp. 21-12  I  I  OS  12 1 

4.  Clrong.  O.  and  Christensen.  X..  "Factors  Controlling  Weld  Metal  Chemistry.” 
final  Report  Contract  No.  DA.IA  37G-81-C-0309.  European  Research  Ofiice 
of  the  U.S.  Army. 

f>.  Mita.  U..  “Kinetics  of  Slag  Metai  Reactions  During  Submerged  Are  Welding 
of  Steel.”  Sr.  D.  Thesis,  Massachusetts  Institute  of  Technology  ( 1 0 S 4  I . 

G.  Lau,  T..  Weatherly,  <1.  r..  and  McLean.  A  .  "The  Sources  of  Oxygen  and 
Nitrogen  Contamination  in  Submerged  Arc  Welding  Using  (  aO -AI2O3  Based 
Fluxes."  Welding  Journal  Research  Supplement,  pp.  343'-347s  (Dec.  P.ISul, 


7.  Frost,  ft.  H..  Olson.  I).  L..  and  Edwards.  (,.  ft.,  ''Influence  of  Electrochemical 
Reactions  on  the  <  ‘hemistry  of  tlio  Electroslag  \\  riding  Process".  Pror.  Mod¬ 
eling  Cast.  Weld.  Process..  Henniker.  N.  H  .  Eng.  Found.:  Now  York  (1983 l 
p  147. 

3.  Blander.  M.  and  Olson. D.  L..  "Elect rochemiral  Efforts  on  Wehl  Pool  Cln-m- 
istry  in  .Siilunerged  Arc  and  D.C.  Electroslag  Welding."  Proceedings  Inter¬ 
national  Conference  on  Trends  in  Welding  Research  (Ad.vances  in  Welding 
Science  and  Technology),  j »] > .  3G3-3GG.  <  ,at  linhurg.  TN.  May  18-22.  19*G. 


! 

f 


TaliU*  I.  ( '(imposition:*  of  Weld  Win*  ami  WVMiiij*  Flux  (\vi 


We 

111  Wire 

WV!. 

linn  Flux 

C 

0.06 

>i< 

11.22 

Mil 

(.38 

A I2O3 

!'ii 

Si 

0.05 

MftO 

O  O  OO 

M<> 

0.33 

( 'a  F'i 

25.20 

Cr 

0.07 

CitO 

0.92 

Xi 

0.11 

M11O 

1.15 

A1 

0.02 

T  i  < )  2 

0.90 

Cii 

0.77 

N.vjO 

0.82 

Ti 

0.03 

F<2<)3 

1.90 

P 

0.012 

(  ' 

0.37 

s 

0.015 

() 

0.002 

Solid 

weld 

Fig.  1 


E 

Q. 

CL 


2 

UJ 

O 

> 

X 

o 


TIP 


Fig.  2.  Average  oxygci 
and  the  scparal 
(anodic  wire)  p 


MANGANESE  (Wt.%) 


WIRE  ELECTRODE  DROPLET 
TIP 

Average  silicon  contents  in  the  initial  weld  wires,  electrode  tips,  and  the 
separated  droplets  for  both  straight  and  n-ver.se  polarities. 


TIP 

Average  manganese  contents  in  the  initial  weld  wires,  eh  ctrode  tips,  am 
the  separated  droplets  lor  both  straight  and  reverse  polarities. 


in  Figure  1.  Each  of  three  reactions  requiring  a  molten  salt  bath 
takes  place  in  a  sealed  molten  salt  vessel.  The  main  feature  of  the 
present  investigation  is  that  the  reactions  take  place  continuously 
and  in  parallel  (  ;>)  .  As  compared  to  the  work  carried  -'ut  by  past 
investigators,  the  present  process  and  apparatus  possess  many 
advantageous  features  such  as:  safety  when  equipment  is  broxen  or 
fails  functionally,  ability  to  handle  pressure  variations,  reliable 
material  transport,  and  ease  of  start-up  and  or  maintaining  operation. 
This  project  was  supported  by  the  Sunshine  Project  since  1980 
as  a  commercialization  research  effort. 

This  commercializat ion  research  was  carried  cut  with  the  closed 
cycle  apparatus,  consisting  of  a  monosilane  generation  apparatus 
shown  in  Figure  2,  plus  a  silicon  chlorinator,  a  silicon  tetrachloride 
separaiton  and  recovery  unit,  and  a  monosilane  purifier.  The  initial 
design  had  a  problem  with  a  valve  operation  in  transporting  the 
molten  .salt.  This  problem  was  solved  by  employing  an  overflow 
transport  method  and  a  simple  pump  with  no  moving  parts  actuated 
by  gas  pressure.  This  modification  made  it  pcsible  to  reliably  run 
the  hydrogenation  and  monosilane  generation  reaction,  and  it  clearly 
exposed  the  electrolysis  problems. 

When  the  electrolysis  is  performed  at  2000  to  30'.  _  A,  the  current 
efficiencies  of  electrolysis  and  of  monosilane  generation  were  90  and 
8". I,  respectively.  These  are  essentially  satisfactory  numbers  for 
production  of  metals  by  molten  salt  electrolysis  in  general.  However, 
there  were  signs  which  gave  doubts  about  long-term,  ojeahility,  such 
as  erosion  of  the  anode,  a  sudden  drop  of  the  anode  chamber  pressure, 
accumulation  of  Li  on  the  salt  bath  surface,  etc. 

We  discovered  that,  as  shown  in  Figure  3 (Left),  a  hyj ass  current 
is  generated  through  the  anode  chamber  caused  by  Li  in  the  Li 
collector  and  by  Li  attached  on  the  diaphragm.  In  the  case  of  the 
anode  chamber  which  is  separated  and  electrically  isolated  from  the 
rest,  another  bypass  current  is  generated  caused  by  Li  att ached  or.  the 
anode  chamber  as  shewn  ir.  Figure  3  (Right).  And  the  bypass  current 
causes  electrolysis  between  the  anode  chamber  and  the  anode,  depos¬ 
iting  Li  on  the  inside  surface  of  the  anode  chamber  wall.  Thus,  if  the 
bypass  current  is  eliminated,  we  believe  that  the  various  problems 
preventing  commercialization  will  be  solved  and  that  the  current 
efficiencies  would  approach  the  theoretical  values. 


THE  EXPERIMENT 

In  order  to  eliminate  the  bypass  cur  rent  :  r.  the  apparatus  shown 
in  Figure  2,  the  following  steps  were  attempted: 

(a)  Ey  raising  the  voltage  potential  of  the  anode  chamber  and  the 
diaphragm  with  respect  to  the  cathode  and  by  means  of  dissolution  ar.d 
deposition  of  the  attached  hi,  the  Li  can  be  transferred  to  the 
cathode  and  to  other  surfaces. 
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(b)  Some  Li,  which  moves  to  places  other  than  the  cathode  by  the  above 
process,  may  float  on  the  molten  salt  and  may  reattach  itself  to  the 
anode  chamber.  In  order  to  prevent  this  phenomenon  from  happening,  the 
Li  is  eliminated  by  injecting  chlorine  and  forming  LiCl. 

In  order  to  carry  out  the  above  corrective  measures,  the 

following  revisions  to  the  apparatus  were  made: 

(a)  The  anode  chamber  equipped  with  the  diaphragm  was  separated 
from  the  collector  and  electrically  isolated  from  the  rest. 

(b)  A  "Li  transport  power  source”  was  installed  between  the  anode 
chamber  equipped  with  the  diaphragm  and  the  cathode. 

(c)  A  chlorine  blow-in  tube  was  installed  below  the  molten  salt 

surface  at  a  place  between  the  anode  chamber  and  the  closest 
equipment  to  it,  which  are  the  outer  jackets  covering  three 

cathode  leader  rods.  This  location  is  expected  to  be  the  main  Li 
transfer  point. 

(d)  A  chlorine  recovery  chamher  was  added  which  is  electrically 

isolated  and  which  surrounds  the  anode  chamber  and  the  cathode 
leader  rod  outer  jackets.  This  addition  is  a  safety  measure  to 

prevent  the  outside  of  the  reaction  chambers  from  filling  with 

reactive  chlorine. 

Figure  4  shows  the  cross-sectional  view  of  the  monosilane  generation 
test  set-up  after  the  modifications. 

The  following  steps  are  used  to  run  the  test  apparatus.  First, 
introduce  the  raw  material,  salt,  into  the  molten  salt  vessel.  Cover 
the  vessel  with  a  simple  lid,  dry  the  material,  melt  and  dehydrate. 
Next,  replace  the  lid  with  the  one  from  which  all  equipment  is  hung, 
and  then  start  the  electrolysis.  As  Li  begins  to  appear  at  the 
cathode,  it  will  float  as  droplets,  be  collected  in  the  collector,  and 
be  transferred  via  a  transfer  tube  to  the  hydrogenator .  The  hydrc- 
genator  is  filled  with  hydrogen,  and  the  hydrogen  is  added  as  it  is 
consumed  to  maintain  the  hydrogenator  pressure.  Moreover,  the  molten 
salt  is  fed  at  a  constant  rate  from  the  moten  salt  vessel  by  a  over¬ 
flow  mechanism.  Li,  which  enters  the  hydrogenator,  is  hydrogenized 
to  form  LiH,  is  immediately  dissolved  in  the  molten  salt  and  is  fed  to 
the  silane  generation  chamber.  Since  an  excess  amount  of  SiCli,  is 
continually  fed  into  the  chamber,  the  LiH  which  flows  in  will  react  to 
produce  SiClw  and  LiCl.  The  latter  will  flow  out  to  the  molten  salt 
vessel  dissolved  in  the  salt.  Thus,  the  Li  cycle  is  completed  and  it 
is  possible  to  operate  the  electrolysis  continuously  for  a  long  period 
of  time. 

The  following  test  parameters  were  employed: 

The  electrolysis  current  was  automatically  controlled  at  1100  A. 
The  maximum  voltage  potential  at  the  anode  chamber  was  set  at 
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2.6  V  above  the  cathode  potential.  This  voltage  was  applied  at 
the  start  of  the  electrolysis.  This  potential  takes  into  account 
the  0.5  V  margin  against  the  apparatus  corrosion,  and  the  figure 
was  computed  in  the  following  way.  Also,  when  the  Li  transport 
current  exceeded  its  maximum  value  of  100  A,  the  voltage  was 
adjusted  to  keep  the  current  at  around  100  A. 

Vinax  =  {  Vt-Ix  (Ra+Rc)  -Eo  }*  (Ri/Rr )  +  (Eo-Ei )  -Vp, 

Where, 

Vt:  Applied  electrolysis  voltage 
Ra,  Rc:  Anode  and  cathode  resistance 
X:  Electrolytic  current 

Eq:  Decomposition  Voltage  of  LiCl  at  4Q0°C 

E>:  Electrolytic  potential  of  Ni/'NiClz  against  C/CI2  at  400°C 
Rl :  Molten  salt  resistance  between  the  cathode  and  the  diaphragm 
R2 :  Molten  salt  resistance  between  the  anode  ar.d  the  cathode 
Vp:  Voltage  margin  for  corrosion  pr,  vent  ion. (Voltage  drop  due  to 
the  anode  chamber  and  the  cathode  leader  rods,  etc.) 

From  tht  start  of  the  electrolysis,  chlorine  was  blown  in  through 
three  nozzles  at  the  rate  of  0.5  1/min.  Chlorine  was  diluted  with 
twice  the  volume  of  argon.  This  volume  is  about  one  tenth  of  chlorine 
generated  at  the  anode  during  electrolysis. 

Main  dimensions  in  the  electlolysis  area  are:  the  anode:  30cm  OD 
by  60cm  long;  the  cathode:  42cm  ID  by  60cm  long  (crown  shaped);  the 
diaphragm:  35cm  ID  by  65cm  long  (10  mesh  screen  made  of  Ni) ,  The 
salt  bath  temperature  was  maintained  at  400°C  m  the  molten  salt 
vessel  and  at  570°C  in  the  hydrogenator. 

Since  it  is  difficult  to  directly  measure  the  bypass  current,  the 
effect  was  compared  by  computing  the  electrolysis  efficiency  and  the 
monosilane  production  efficiency  and  also  ty  observing  the  test 
apparatus  during  and  after  the  operat ion.  The  efficiencies  were 
computed  by  the  following  definitions. 

The  current  efficiency  __  l.i(mol)  calculated  from  k2  consumed 
of  electrolysis  “  Theoretical  hi (mol)  Value  based  on 

the  electrolysis  current 

The  current  efficiency  ^  .fin,  (mol)  actualy  collected _ 

of  monosilane  production  theoretical  Sip,,  (mol)  : reduction 

faced  on  the  electrolysis  current 


RESULTS  AND  DISCUSSION 

Test  op€.*rations  were  made  .at  a  constant  electrolysis  current  of 
HOC  A.  The  Li  transport  power  source  was  turned  on  and  chlorine  was 


injected  to  minimize  the  bypass  current.  Test  results  are  given  in 
Table  1.  Observation  of  the  electrolysis  section  was  made  after  test 
runs  with  the  Li  transport  power  source  (total  electrical  consumption 
was  l.lx109  coul. ) .  There  was  no  corrosion  on  the  anode  surface  near 
the  salt  level  which  normally  is  the  most  susceptible  to  corrosion. 
Even  tool  marks  were  still  visible.  The  diaphragm  and  the  anode  cham¬ 
ber  were  also  quite  healthy. 

For  a  comparison,  tests  were  conducted  without  the  Li  transport 
power  source  and  without  chlorine  injection.  Results  are  given  in 
Table  2.  These  test  results  have  not  changed  much  from  those  obtained 
in  the  past  wiidi  a  similar  set-up.  on  the  other  hand,  table  1  shows 
that  there  were  no  phenomena  observed  which  preclude  commercialization 
and  that  the  electrolysis  efficiency  increased  substantially  and 
approached  that  of  the  theoretical  values.  Thus,  we  believe  that  these 
improvement  are  due  to  minimization  of  the  bypass  current  and  are  not 
due  to  hardware  or  its  arrangement. 

The  same  conclusion  can  be  reached  by  observing  the  voltages (the 
cathode  as  the  base)  vs.  elapsed  time  at  key  equipment.  When  the 
bypass  current  is  present,  a  large  drop  in  electrolysis  voltage  is 
observed  (Fig. 6)  in  the  early  stage  of  the  electrolysis  when  the 
electrolysis  current  is  kept  constant.  On  the  other  hand,  when  the 
bypass  current  is  eliminated  by  the  use  of  the  Li  transport  power 
source  and  the  chlorine  injection,  the  electrolysis  voltage  stays 
constant  throughout  as  shown  in  Fig. 5.  Also,  when  the  bypass  current 
was  present,  the  voltage  at  the  anode  chamber  decreased  and  the  Li 
collector  increased.  Since  these  voltage  values  approach  the  short 
circuit  values  when  the  electrical  pass  is  from  the  anode  chamber  to 
the  Li  collector  via  the  salt  bath  surface,  the  main  bypass  current  is 
thought  to  be  flowing  from  Anode  -  Anode  Chamber  -  Li  Collector 
-  Cathode  (the  bypass  current  II)  rather  than  from  Anode  - 
Anode  Chamber  -  Diaphram  -  Cathode  (the  bypass  current  I). 

The  reason  for  the  above  is  that  the  bypass  current  I  is  constant 
because  it  is  only  created  by  attaching  around  the  diaphragm  of  a 
portion  of  Li  freed  from  the  cathode  during  electrolysis.  On  the 
other  hand,  the  bypass  current  II  is  created  mainly  by  Li  attached  on 
the  exterior  surface  of  the  anode  chamber.  In  other  words,  during 
electrolysis  between  the  anode  and  anode  chamber  due  to  the  bypass 
current  I,  Li  is  freed  which  is  transferred  out  to  the  molten  salt 
bath.  The  Li  then  floats  on  the  surface  of  the  bath  and  is  attached  to 
the  anode  chamber.  The  bypass  current  II  Joes  not  flow  until  this 
happens.  This  floating  Li  causes  an  undesirable  process  cycle.  Namely, 
it  will  create  the  bypass  current  II  and  the  Li  moves  to  attach  itself 
to  the  nearest  equipment.  Since  the  floating  Li  is  replenished 
continually,  the  attached  I.i  will  refloat  and  reattach  to  the  anode 
chamber  creating  more  bypass  current  II.  This  cycle  is  repeated.  The 
bypass  current  deposits  Li  on  the  inside  surface  of  the  anode  chamber, 
which  subsequently  increases  the  floating  Li,  and  which  further 
increases  the  bypass  current  II.  This  vicious  cycle  continues  and  the 


bypass  current  increases  until  the  limit  is  reached  which  is  deter¬ 
mined  by  the  resistance  of  the  molten  salt  and  the  voltage  of  electro¬ 
lysis.  The  result  is  that  during  a  long-term  operation,  a  large  amount 
of  Li  is  accumulated  on  the  molten  salt  surface. 

Figure  7  and  8  show  the  relationship  between  the  current  con¬ 
sumption  for  Li  transport  during  operation  and  the  relative  voltage 
potential  of  the  anode  chamber (diaphragm)  or  of  the  Li  collector.  The 
anode  chamber  voltage  and  the  resistance  to  Li  transport  vary 
depending  on  the  location  and  amount  of  Li  attached.  However,  in 
comparison  with  the  early  stage  of  operation,  the  current  drops  and 
the  voltage  stabilizes  toward  the  end  of  the  run.  The  early 
fluctuation  may  be  due  to  the  floating  Li  left  over  from  the  earlier 
run. 


Table  3  shows  the  current  and  power  consumed  for  transporting  Li. 
This  indicates  that  about  2%  of  the  total  Li  was  attracted  to  the 
anode  chamber  in  the  normal  operation.  The  maximum  current  used  to 
transport  Li  in  the  test  was  100  A.  So,  the  objective  was  accomplished 
below  one-tenth  of  the  electrolysis  current.  When  a  Ni-made  apparatus 
shown  in  Figure  4  is  used  to  perform  electrolysis  at  5000  A,  the 
electrolysis  voltage  will  be  8.5  V,  and  the  maximum  voltage  and 
current  required  to  transport  Li  would  be  about  5.5  V  and  500  A, 
respectively. 


CONCLUSION 

Tests  were  conducted  to  commercialize  a  new  monosilane  production 
method  which  utilizes  electrolysis  of  a  molten  salt.  The  mam 
objective  of  the  investigation  were  to  remove  undesirable  phenomena 
during  electrolysis  and  to  improve  the  efficiency  by  eliminating  the 
cause  of  the  problems,  ie.,  by  minimizing  the  bypass  current  flowing 
through  the  anode  chamber. 

It  was  possible  to  sufficiently  remove  the  bypass  current  by  the 
following  method:  raise  the  voltage  potential  of  the  anode  chamber  and 
the  diaphragm  with  respect  to  the  cathode,  transport  Li  from  the 
diaphragm  to  the  cathode,  and  attract  Li  at  the  anode  chamber  to  the 
nearest  equipment  and  then  blow  in  chlorine  to  remove  Li  as  LiCl. 
A  further  finding  is  that  the  anode  chamber  can  be  protected  from 
corrosion  by  selecting  the  proper  voltage  potential. 

The  overall  effect  of  the  elimination  of  the  bypass  current  was 
that  the  current  efficiency  of  electrolysis  increased  from  90%  to 
97.5%.  Also,  it  became  possible  to  make  a  long-duration  run  while 
maintaining  high  efficiency.  Moreover,  we  found  that  there  is  no 
danger  of  floating  Li  after  shutdown  and  that  it  is  easy  to  maintain 
the  equipment. 
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TABLE  1.  Test  Run  Data  with  Li  Transport  Power  Source  and 
Chlorine  Injection. 


Electrolytic  Current  (A  avq.) .  1104 

Quantity  of  Electricity  (10°  Coul.) .  23.8 

Hydrogen  Consumed  (mol.) .  120.4 

Monosilane  Produced  (mol.) .  56.6 

Current  Efficiency  of 

Electrolysis  (%) .  97.5 

Monosilane  Production  (%) .  91.8 

Li  Accumulation  on  the  Bath . - .  NO 

Sudden  Pressure  Drop  in  the  Anode  Chamber .  NO 


TABLE  2.  Test  Run  Data  without  Li  Transport  Power  Source  and 
Chlorine  Injection,  befor  and  after  Modifications. 
(Conventional  Electrolysis) 

Apparatus  Used 
Fig. 2  Fig. 4 


Electrolytic  Current  (A  avq.) .  2104  2000 

Quantity  of  tlectrici ty (10  Coul.) .  468.5  215.4 

Hydrogen  Consumed  (mol.) .  2230  1019 

Monosilane  Produced  (mol.) .  1027  455 

Current  Efficiency  of 

Electrolysis  (%) .  91.8  91.3 

Monosilane  Production  (%) .  83.8  81.5 

Li  Accumulation  on  the  Bath .  YES  YES 

Sudden  Pressure  Drop  in  the  Anode  Chamber .  YES  YES 


TABLE  3.  Electric  Current  and  Power  Consumption 
in  Transporting  Li. 


Mean 

Current 

Powe  r 

Current 

Ratio 

Ratio 

(A) 

u) 

(%; 

electrolysis 

1104 

100 

100 

Li 

1st  half 

53.1 

4.8 

2.3 

Trans- 

2nd  half 

25.  1 

2.3 

1.1 

port 

Mean 

41.4 

3.7 

1.8 
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Si  Hi*  Generation 
Apparatus 


Figure  1.  Principle  of  our  Monosilane  Generation  Method. 


1.  Mclter.  Salt  Vessel 

2.  Heater 

3.  Anode 

4.  Cathode 

5.  Diaphragm 

C.  Anode  Chamber 
7.  Outer  Jacket 
S.  Li  Collector 
y.  Transport  tube 

10.  Kydrogenator 

11.  Salt  Pump 

12.  Mor.osilar.e  Generation 
Chamber 

13.  Salt  Bath  Lad 

14.  Electrolysis  Power 
Source 


Figure  2.  The  Original  Mor.osilai.e  Production  Apparatus  Design  Used  in 
This  Investigation.  (Cross-sect jona]  Veiw) 


Figure  3.  Main  Passages  of  Bypass  Current  and  Mechanisms  of  Current 


Generation.  (  1  =  LiCl  electrolysis,  2  -  Movement  of  Li  by 
dissolving  and  Depositing,  3  =  Current  rath  through 
Metal,  4  =  Li  -  Cause  of  Bypass  Current  Generation.) 


Molten  Sait  Vessel 

Heater 

Anode 

Cathode 

L'i  aphragm 

Anode  Chamber 

cuter  Jacket 

I,i  collector 

Transport  tube 

Hydroqenator 

Salt  Pump' 

Kor.cs i  1  are  Gene r a t  ion 
Chamber 
Salt  Bath  lid 
Electrolysis  lower  Source 
1 i  Transport  power  source 
Chlorine  Injection  Tube 
Chlorine  Recovery  Char.be r 


Figure  4.  Revised  Monosilane  Production  Aparatus  to  Prevent  Bypass 
Current.  (Cross-Sectional  view). 


Figure  5.  Voltages  of  each  parts 
during  the  Test  Pun 
to  prevent  the  Bypass 
Current . 


Figure  C .  Voltages  of  each  parts 
during  a  Conventional 
Run  with  the  Apparatus 
shown  in  Figure  4. 


Voltage  of  the  electrolysis  (Vt) ,  Anode  chamber  voltage  (Vw)  and 
Collector  voltage  (Vco)  are  given  with  respect  to  the  Cathode. 


Figure  7.  Relationship  between  the  Current  for  Li  Transport  and  the 
Li  Collector  Voltage  above  the  Cathode. 


The  current  readings  are  the  maximum  and  the  minimum  over  time. 
The  proportional  relationship  is  maintained  only  at  the  stable 
minimum  current  for  a  short  duration  as  the  current  drop.  It 
appears  that  the  main  Li  transport  comes  from  Li  attached 
around  the  diaphragm. 
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Relationship  between  the  Current  for  Li  Transport  and  the 
Anode  Chamber  Voltage  above  the  Cathode. 


The  current  readings  are  the  maximum  and  the  minimum  over  time. 
Since  the  proportional  1-V  relationship  is  maintained,  it  is 
believed  that  the  large  current  is  due  to  the  movement  of  Li 
attached  around  the  anode  chamber.  The  main  current  is  believed 
to  be  flowing  in  the  bypass  current  II  path. 
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ABSTRACT 


The  anodic  reaction  on  nickel  electrode  was  carried  ■  ut  at  .  C  C 
in  the  molten  NH.F*2HF  by  a  few  kinds  of  electrochemical  metV.  'is. 

A 1 F ^ ,  NH^NiF ^  ana  (NH^)  FeF^  containing  n  small  amount  of  (NH.)  ,FeF 
were  added  into  the  melt  in  order  to  investigate  the  effects  Sf*4thcse 
additives  on  the  current  efficiency  of  NF  -formation  and  the  anodic 
dissolution  of  Ni  electrode.  A  Pt-rod  was  used  as  the  referer.c**  elec¬ 
trode.  The  anode  gas  was  quantitatively  analyzed  by  both  gas  chroma¬ 
tography  and  infrared  spectroscopy.  With  nickel  mode ,  the  r  *::iv  .i- 
tion  didn't  occur  and  the  amount  of  anodic  dissolution  was  about  4  *  - 
In  electrolysis  under  the  controlled  current,  the  anode  g as  van  e.". mous¬ 
ed  of  U.>t  0  ,  NF  ,  N.^0,  N^F^  and  so  on.  The  current  efficiency  was 
calculated  from  the  flow  rate  of  anode  gas  and  its  composition.  The 
maximum  current  efficiency  of  NF  on  Ni  anode  reached  at  <  •••  *  and  then 
the  anodic  dissolution  of  Ni  was  only  3  %.  In  the  case  of  the  addi¬ 
tion  of  0.1  mol%  NH^NiF^  into  the  melt,  the  anodic  dissolution  of  Ni 
electrode  was  about  1  %  and  then  the  decrease  in  the  current  efficiency 
of  NF3  was  only  G  %.  The  greatest  decrease  in  the  current  efficients  of 
NF  occurred  in  the  melt  added  (NH,).FeF, .  The  addition  of  AlF.  was 
not  effective  for  the  prevention  of  anodic  dissoiuLinn  ?f  Ni .  ^uese 
results  indicate  that  the  addition  of  0.1  mol%  NH  NiF  is  favorable  for 
the  electrolytic  production  of  NF ^ . 

INTRODUCTION 

Nitrogen  tri fluoride  (NF^)  is  a  stable  gas  at  room  temperature  and 
has  a  strong  oxidising  action  at  higher  temperature  (1).  Therefore, 
it  has  been  already  used  as  an  oxidising  agent  for  rocket  fuels  and  a 
stable  fluorinating  agent  (2r-8).  It  may  be  also  used  as  a  welding 
agent  for  metals  and  a  gas  filler  in  order  to  increase  the  life  and  the 
brightness  of  lamps  (0) .  Recently,  a  few  researches  have  been  attem¬ 
pted  to  develop  the  use  of  NF  as  a  laser  gas  (10^12),  an  etchant  qas 
for  a  dry  etching  process  (13a,  16)  and  a  cleaner  gas  for  appaiatus  used 
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in  tine  CVL)  tee!;!',  i  i u <:  \  »  >)  . 

Some  processes  tor  the  preparation  of  Ml-'  have  been  {  roj  •  .re.  \  uj 
to  date,  and  the  electrochemical  process  is  better  than  the  chomical 
process  m  the  view  point  of  the  purity  of  Ml-’  ,  especi  illy,  free  f  -T^ 
(  1  rt  1  J  1  )  . 

In  earlier  papers,  we  have  reported  on  the  electrolytic  ir  iu  ti-  t. 
of  NF ^  from  ammonium  fluoride,  urea  ana  amides  dissolved  in  a  molten 
KM  (F  with  u  carbon  electm.de,  and  clarified  the  mechanism  f  electro¬ 
chemical  iluonnution  m  this  melt.  But,  in  this  procedure,  NT  n: 
contaminated  with  CF^,  because  of  the  decompos i t  ion  of  (;T)u  an  :/•  r 
f’xFln  !x  f]  film  formed  on  the  c  irb«wi  elect!  do.  •  -n  tlio  -  nM  sry, 
nickel  w  «s  the  best  mater  ial  f-;-r  th.e  in- .-do  from  the  view  mt  -‘  b  th 
the  production  •  NT  free  of  ,  and  the  «r.  lie  .1  i  ssr  .-!  ut  i  n .  •*  ;wovct 

even  :  sma  1  I  amount  f  tise  1<  ss  -f  Ni  ar.-  dr;  i  r.cre  ».->es  the  -  at  f  t  he 

{a.-  duct  its  -f  NF.  md  hence  it  is  very  imp- at  ant  t  .•  pt  event  the  ar.-'d) 
dissolution  uf  N  l  f-,r  the  lust rial  pr  -ducti-  n  f  NT^.  I’he  .  :  1  i  t  :  t. 
of  ;  metal  fluoride  or  imm-nnim  meta  1  flu-  rides  n.t--  the  mo  i  t  w a  ■ 
attempted  in  •  i  dor  t  jm  event  the  an-  die  di-s-  I  u  t  i  •  >  r .  ■  f  Ni,  c.  i  then 
th.e  effect  ..if  Hditives  i  the  current  efficiency  -  f  NT  3-‘  -  i »t  i-  », 
the  aru  lie  1 1  -1  ut  i  on  f  Ni  was  ala:  j  nve-t.  i  gated  . 


pxf  it  imp; nt a: 

>ne  electn  lytic  -.ell  of  l.j  dm**  in  ••■pi-ity  r.a- k*  f  :  per 
shown  in  o  » r  1  ior  papers  < 1  .3)  and  an  ther  ele-tt'  lytic  -el!  f  .4 

In  in  capacity  made  •  f  p- d  y  let  r  a  f  1  u-  a -ct  hy  ler.e  rosin  •' tef  lord  ■  w:. 

i  r.  Fig.  1.  The  t'd  -  -f  ui'-kel  with  the  surd' a-"  e  ire.i  of  ).07  cm'  w  >  • 
used  -  j  ;  5  the  ar.->de  f-.-r  dotoiminaf  icii  of  pal  u  i/iti:>n  curves  bv  the 
cyclic  •. '  1  tamrnetry  and  the  aii-.-in:  dissolution  by  the  qalvi;.-ist  iti- 
metl'.-'d.  The  plate  nickel  with  the  surface  nou  .-f  10  <  l  »  <  cm'  were 
also  used  for  determination  <  f  th.e  an  -die  dissolution  of  NT  u;  l  f  r  the 
e  1  ect  r  of  1  u»  r  inat  l on ,  respectively.  The  inside  wall  f  t!,e  cell  n 
of  c-'pper  md  i  platinum  wire  were  used  as  the  catb.o  ic  -ni  the  refc  *- 
erice  electi  >de,  respectively.  The  inside  wall  of  cell  bottom  v is 
misked  by  tefl.nr.  and  the  .inode*  ramp  irtment  of  the  -oil  w \s  separate i 
from  the  cathode  compartment:  by  a  skirt  -f  copper  or  tefl-  n  wol  led  t. 
the  '.?as  -over.  The  anode  gas  was  passed  through  the  ibsi-rpt  \ tube 
of  gaseous  HF  filled  with  tablets  of  sodium  flu-  rile  (NaF)  and.  then  led 
to  a  gus-s  imp  lor.  The  sample  pis  was  fractionated  by  gas  chromato¬ 

graphy  and  the  f  tact  ionated  samples,  each  c>  ^respond  i  nq  to  5  distinct, 
peak  on  the  gas  chromatogram,  were  identified  by  infrared  spoct  rose,  -p-y . 

The  electrolyte  was  pre-elect  roly  •/.«•-!  at  i  1  -w  cur  re  t  density  un¬ 
til!  NT  was  de  te'-ted,  .r.d  then  anodic  polar  i  oat  i-*n  curve-  cere  deter¬ 
mined  by  the  cyclic  volt  unmet ry. 
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RKS'iI.TS  AND  PISynSSIoN 


The  cyclic  vol tammograms  on  nickel  in  the  molten  Nil  F-tllF  were 
shown  in  Fig.  .' .  Two  current  peaks  at  about.  0  V  were  observed  on  the 
anodic  pulariz.it  ion  curve.  At  the  potential  range  between  0  and  0  V, 

the  current  density  was  very  small.  And  then  it  increased  again  at 
the  potential  over  <"  V.  Hut  the  cathodic  current  peak  was  not  observ¬ 
ed  at  the  potential  below  1.0  V  and  the  anodic  current  at  potentials 
over  b  V  increased  with  the  number  of  cyclic  scanning.  From  this  re¬ 
sult,  it  is  concluded  that  nickel  difluoride  (NiF  }>  formed  on  nickel 
dissolves  in  the  electrolyte  to  form  complex  ionsT  for  example,  NiF 
in  =  3  or  4J  and/or  Ni(NH  )  (m  =  2  o r  3]  and  no  ..»tomic  fluorine 
.i  I  sorbs  on  nickel  and/or  nickel  difluoride. 

FivJs.  ’>  ind  4  showed  the  effects  of  added  AlF  and  NH.NiF,  on  the 

3  4  i 

■  nt-'dic  p  lariz.ition  curves  on  r :  i : ;  k  e  1  in  the  molten  NH  .F*  ..'Hr  ,  resnee 

4 

lively.  In  the  .idditb-n  -f  A 1  F  ^ ,  the  change  in  the  shape  of  wave  was 
at  -  bserved.  ri  the  contr «ry , " the  addition  f  Nil  N if  chanced  dtas- 
the  r»h  ipo  of  wave;  i.e.,  tl'.e  first  current  peak  :t  about  -0.3  V 
.!  i  a  ippoar  ed  on  the  anodic  pol  a  r  i  z.i  t  i- a*  curve  after  the  add  it  t  n  of 

NM.NiF^,  wh  lie  ike  sec- aid  current  peak  at  .bout  0  V  incre.ised  with  m- 

ct'Or'in  i  the  c  scent rat  ion  of  t'ne  additive.  These  results  indicate 

-f- 

ti.  :t  i .  i  •  •  k  o  1  an-Me  be  dissolved  at  the  first  peak  t  f  >rr.  Ni  ar.d 

Mist  thq  f  Tired  Ni“  would  he  further  oxidized  at  the  second  peak  t 

!•’  i  : .  '■  showed  the  a.. .die  p* d <ir  i zat  i-  curves  :  Ltair.od  by  sc  inning 

the  potential  t-  the  lower  side  from  ')  V.  The  anodic  •  urrent  at  the 

p;  tei-ti.il  r  inqe  between  a  and  H  V  increased  with  i  m;ic  ising  the  n- 

centrati-  i,  of  Nil  NiF,. 

“4  3 

Fig.  •  shewed  the  effect  of  the*  additive  on  the  weight  less  -f  hi 
ano-de.  In  no  additive,  the  same  behavior  as  that  in  the  id  iit.  n  n  of 

AlF^  was  observed.  The  effect  <f  the  Nil  Ni  !•' ^-concent  r  it  ion  added  into 

the  melt  -a;  the  weight  loss  of  Mi  anode  during  elect! -.'lysis  was  given 
in  Table  1.  From  the  figure  and  the  table,  it  was  fouiv*  that  the 
addition  of  only  0.1  mol  .  Nil  NiF  ^  was  effective  enough  for  the  preven¬ 
tion  of  anodic  dissolution  of  Mi  "and  that  the  ratio  f  quantity  a" 
electricity  dissipated  by  anodic  dissolution  of  Mi  elect!  do  t  t.  tal 
quantity  of  electricity  (Q  /0  )  decre  ised  fr-m  3  to  >  .  nly  1  by  t’ne 

add i t  ion  of  0.1  mol  :  Nil  ,Nit- 
4  3 

Fig.  7  showed  the  change  of  angde  gas  comp*  sit  ion  in  electrolysis 
at  the  current  density  of  ..A  mA*c;m  as  a  fund ion  «>f  i  ime.  NF  was 
•  il  ready  detected  in  the  mode  gas  after  electrolysis  f  i  .-nly  1  hours 
and  its  composition  rat  io  -f  an-  •  le  g.«s ,  i.e.  yield,  in.  teased  with  tl'.e 
1  .ipse  of  time  and  reached  the  constant  Value  > -f  about  ‘V 

The  flow  rates  of  cathode  gas  composed  <-f  hydrogen  -nlv  md  anode 
gas  composed  of  N;,  0_,  NF^,  N^u,  N/y  and  ai  uhks.  wn  sgbst.m--o  ( N  F  ^ ) 
during  electrolysis  .if  the  current  density  <-f  .’h  mA-rm  were  do -wh  in 


Figs.  8  and  9,  respectively.  Both  flow  rates  didn't  decrease  in  the 

addition  of  AlF,,  while  they  decreased  in  the  addition  of  NH.NiF^  and 
3  4  3 

(NH.)_FeF_  containing  a  small  amount  of  (NH.).FeF, .  This  fact  mdi- 
4  3  6  4  4  6  3+  i+ 

cates  that  the  ions  with  the  higher  valence  metal  such  as  Ni  or  Fe 

would  be  reduced^on  the  qathode  to  form  the  ions  with  the  lower  valence 
metal  such  as  Ni^  or  Fe**  and  that  the  formed  ions  would  be  oxidized 
on  the  anode  to  form  the  original  ions. 

Table  2  showed  the  effect  of  NH  NiF  -concentration  on  the  yield  of 
each  product  in  the  anode  gas.  This  table  revealed  that  the  addition 
of  NH^NiF^  decreased  the  yield  of  NF  .  It  is  concluded,  therefore, 

that  the  concentration  lower  than  0.1  mol%  NH „NiF _  is  favorable  for  the 

4  3 

electrolytic  production  of  NF^  in  the  view  point  of  both  the  increment 
of  the  yield  of  NF^  and  the  prevention  of  anodic  dissolution  of  Ni. 
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Current  density 


W:  Working  electrode 
C:  Counter  electrode 
(Ni  plate) 

Ref:  Reference  electrode 
(Pt  rod) 

Tli:  Thermometer 
A:  HF  absorber 
(NaF  pellets) 

F-.i:  Function  goner itor 
R:  Recorder 
T:  Thermostatic  box 


Fig.  1  Experimental  apparatus  for  determination  of  anode  polarization 
curve 


01  23456789 


Potential  /  V  vs.  Pt 


Fig.  2  Anodic  polarization  curves  on  nickel  electrode  at  120'C  in 
NH  F-2HF  by  potential  sweep  method  with  sweep  rate  of  0.2  V-s 
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Current  density 


Current  dens;ty 


Table  1 


Lffe-  t  f  added  NH  ,NiF  -molar  concentrat ion  on  weiqht  loss  of 
4  3 

nickt_-i  .mode  in  electrolysis 


NH  ,NiF' 

4  3 

C.D. 

E.D. 

Potent ia 1 

number  of 

(moll.) 

(mA*cm  w ) 

(hrs. ) 

(V  vs.  Pt) 

electron 

0 

20 

07 

4.4  j  5 . 1 

2 

3 

0.1 

25 

74 

4 . 2  l, .  9 

2 

3 

0.0 

25 

76 

5.0  5.5 

2 

3 

0.4 

25 

74 

5.2  5.9 

2 

3 

0.8 

25 

50 

5 . 2  -5.9 

2 

Calculation  weight 

loss  of  anode  (g) 

Observed  weight 

loss  of  anode  (g) 

R.D. 

(5) 

26. 161 

0.7330 

2.80 

17.387 

0.7330 

4.20 

20.260 

0.16  36 

0.S1 

13.507 

0. 1636 

1.21 

20.990 

0.1391 

0 . 66 

13.993 

0.1391 

0.99 

20.594 

0.1693 

0.82 

13.729 

0.1693 

1.23 

1 8 . 860 

0.1180 

0.63 

12.573 

0. 1180 

0.94 

Headings;  C.D. :  Current  density,  D.E.:  Duration  of  el ectrol vsi s , 

R.D.:  Ratio  of  quantity  of  electricity  dissipated  by  anodic 
dissolution  of  nickel  electrode  to  total  quantity  of 
electricity  ) 
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1 :  calculated  curve, 

2(o):  no  additive , 

(®) :  1 . Omol%  AIF^  » 

(•  )  :  2  .  Omol%  AIF^  , 

3  ( Q ) :  0 . 1 mol%  NH  .N lF  , 

4  3 

4(B)  :  0. 2mol%  NH  N'.F., 

4  3 

5(A):  0.05mol%  (NH^^FeF 


0  50  IDO 

Time  /  hour 

Fig.  9  Change  of  flow  rate  of  anode  gas  in  NH  I'*2iIF  containing  added 
A1F3,  NH4NiF3  or  (NH^FeF^^  4 


Table  2  Effect  of  A1F3,  NH^NiF^  and  (NH^ ) 3FeF. -molar  concentration  or 
each  current  efficiency  of  anode  gas  products 


Current  efficiency  of  anode  gas  products(%) 


Additive 

mol% 

NF3 

N2 

°2 

n2o 

n2f2  X(U2F4?> 

Tota  1 

- 

65.5 

20.1 

3.3 

3.5 

2.9  0.8 

96 

aif3 

1  .0 

68 . 3 

22.2 

0.3 

1  .  4 

3.2  :  .1 

97 

A1F3 

2.0 

66.7 

21.8 

0.2 

2.9 

4  .  ;  1.0 

97 

NH  NiF, 

4  3 

0.1 

59.8 

20.9 

3.8 

1  .  0 

3.1  0.9 

90 

NH . NiF, 

4  3 

0.2 

36.0 

17.0 

5.8 

1  .0 

1.6  0.7 

62 

(NH. ) -FeF 

4  3  6 

0.05 

49.8 

15.3 

2.9 

0 . 5 

2.9  1.2 

73 

Conditions:  Anode; 

;  nickel (  66cm 

2  >, 

Current 

density;  25mA- 

cm-2. 

Temperature;  120°C 


A  REVIEW  OF  THE  CHEMICAL  AND  PHYSICAL  PROPERTIES  OF  MOLTEN  ALKALI 
NITRATE  SALTS  AND  THEIR  EFFECT  ON  MATERIALS  USED 
FOR  SOLAR  CENTRAL  RECEIVERS 

R.  U.  Bradshaw  and  R.  W.  Carling 

Sandia  National  Laboratories 
Livermore,  CA  94550 

ABSTRACT 

Sandia  National  Laboratories,  Livermore  (SNLL),  has  been 
responsible  for  developing  thermal  energy  collection  and  storage 
technologies  for  solar  central  receiver  (SCR)  applications  as 
the  lead  laboratory  designated  by  the  U.  S.  Department  of  Energy. 

The  focus  of  one  of  these  efforts  has  been  the  evaluation  of  the 
properties  of  a  mixture  of  sodium  nitrate  and  potassium  nitrate 
as  a  single-phase  working  fluid  for  SCR  systems.  This  paper 
summarizes  the  results  of  a  comprehensive  research  program  that 
was  established  by  SNLL  to  address  issues  relevant  to  the  use 
of  molten  nitrates  at  temperatures  up  to  600°C.  It  was  concluded 
that  molten  nitrate  salt  is  technically  feasible  as  a  working 
fluid  for  advanced  SCR  and  offers  a  number  of  advantages 
compared  to  alternative  fluids. 

Introduction 

The  selection  of  a  molten  salt,  consisting  of  a  mixture  of  sodium 
nitrate  and  potassium  nitrate,  as  a  heat  transfer  fluid  for  high- 
temperature  solar  central  receivers  (SCR)  was  initially  derived  from  a 
systematic  screening  process  which  identified  several  favorable 
characteristics,  such  as  a  low  melting  point  (222°C),  the  availability 
of  large  quantities  at  low  cost,  and  the  minimal  hazards  associated  with 
its  use  (1,2].  Low  cost  is  particularly  important  if  the  fluid  is  to 
serve  as  the  thermal  energy  storage  media  as  well  as  the  receiver 
coolant  (3].  Although  molten  nitrate  salts  have  been  used  extensively 
for  heat  transfer  in  industrial  processes  |4J  and  compilations  of  some 
of  their  properties  are  available  15],  the  maximum  temperature  intended 
for  SCR  systems  is  600  C,  which  is  significantly  higher  than  previous 
applications.  For  this  reason,  a  research  program  was  undertaken  to 
establish  a  data  base  describing  the  properties  of  a  molten  mixture  of 
NaNO-  and  KNO,  over  the  complete  range  of  temperatures  relevant  to 
advanced  SCRs. 

The  majority  of  the  research  efforts  were  conducted  at  SNLL, 
although  several  industrial,  university,  and  national  laboratories 
participated  as  well.  The  program  included  studies  of  chemical 
stability,  physical  properties,  corrosion  of  metallic  materials, 
environmental  effects  on  the  mechanical  properties  of  alloys,  and 
compatibility  of  non-metallic  materials  with  the  molten  salt.  A 
comprehensive  group  of  studies  has  been  completed  and  this  review 
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summarizes  those  research  activities  and  the  results  obtained.  The 
technical  issues  which  motivated  the  studies  in  each  area  are  described 
and  their  impact  on  engineering  concerns  are  discussed.  This  review 
includes  results  obtained  during  the  operation  of  large-scale 
demonstration  experiments. 


Chemical  Properties 

The  important  issues  concerning  the  chemical  properties  of  molten 
nitrate  salt  mixtures  were  choosing  the  composition,  verifying  chemical 
stability  at  high  temperature,  determining  the  effects  of  cover  gas 
composition  and  atmospheric  contamination  on  the  melt  and  assessing  any 
hazards  which  might  arise  when  using  molten  salt  in  an  SCR. 

The  liquidus  line  in  the  phase  diagram  reported  in  a  previous  study 
does  not  indicate  a  eutectic,  but  rather  a  broad  band  of  low-melting 
mixtures  surrounding  the  minimum  melting  point  of  222°C  at  50  NaN0,-50 
KNO,  (tol.  X,  46-54  wt.  3!)  (5).  The  phase  diagram  was  re-examined  using 
differential  scanning  calorimetry  (DSC)  and  its  important  features  were 
confirmed  [6|.  The  data  suggested  that  a  mixture  enriched  in  NaNO, 
relative  to  KNO,  would  be  desirable  since  the  significant  reduction  in 
cost  would  easily  offset  the  disadvantages  of  a  slightly  increased 
melting  point.  The  composition  44  NaNO^-56  KNO,  (mol.  X,  60-40  wt.  X) , 
which  melts  at  238  C,  was  chosen  for  advanced  SCR  applications  and  was 
successfully  used  in  several  engineering  projects  (7-9). 

A  key  consideration  in  qualifying  this  molten  salt  mixture  for 
long-term  use  was  chemical  stability,  since  molten  nitrate  salts  may 
undergo  a  variety  of  reactions  depending  on  the  temperature  and  the 
composition  of  the  cover  gas.  The  primary  reaction  is  the  decomposition 
of  nitrate  to  nitrite  and  oxygen. 

NOj  =  NO j  +  1/2  02  (1) 

Experimental  investigations  of  the  equilibrium  of  reaction  (1),  at 
temperatures  up  to  600  C,  determined  the  equilibrium  constant  (10,11) 
and  the  enthalpy  change  (23.03  Kcal/mol  [ 10 J ) .  Figure  1  compares  the 
equilibrium  constant  of  the  mixed  salt,  as  a  function  of  temperature, 
with  published  results  for  the  pure  components.  The  concentration  of 
nitritg  in  melts  in  equilibrium  with  air  is  about  3  wt.X  at  565°C  and  7% 
at  600  C.  The  equilibrium  data  have  been  used  to  calculate  the  amount  of 
nitrite  expected  to  form  in  either  open  or  closed  systems  covered  with  a 
variety  of  gases  [11).  It  was  concluded  that  air  at  atmospheric  pressure 
is  more  than  adequate  to  minimize  nitrite  formation. 

Thermochemical  equilibrium  calculations  were  used  to  predict  the 
behavior  of  nitrate  melts  over  a  vide  range  of  conditions.  The 
thermodynamic  model  included  reactions  of  nitrate  and  nitrite  which 
yield  alkali  oxides  and  gases,  such  as  oxygen,  nitrogen  and  NO  .  The 
result  of  these  studies  was  the  construction  of  the  phase  stability 
diagram  of  the  Na-0-N  system  at  various  temperatures  (12).  The  study 
determined  that  the  concentration  of  oxide  ions  was  negligible  at  SCR 
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temperatures,  but  increased  rapidly  above  600  C.  This  is  an  important 
finding  because  oxide  ions  are  known  to  be  very  corrosive  (a  later 
section  discusses  rapid  corrosion  above  600  C).  A  comparison  of  the 
oxide  ion  concentrations  measured  in  equilibrium  melts  with  predictions 
of  the  thermodynamic  calculations  suggested  that  oxide  ions  behave  non- 
ideally  in  nitrate  melts  (13J. 

The  stability  of  the  melt  with  respect  to  the  major  constituents  of 
air  is  an  obvious  benefit  for  an  SCR  system.  However,  a  concern  that 
atmospheric  carbon  dioxide  and  water  vapor  might  cause  the  salt  to 
deteriorate  during  long-term  use  was  also  addressed.  The  interactions  of 
CO-  and  H.O  with  nitrate  melts  were  studied  using  electrochemical  and 
chemical  techniques  [14],  It  was  found  that  CO,  can  cause  minor  chemical 
changes  by  reacting  to  form  carbonate.  Although  DSC  studies  showed  that 
the  solubilities  of  alkali  carbonates  in  the  nitrate  salt  were  large 
(11,  the  carbonates  of  metallic  impurities  might  precipitate  in  the 
coolest  sections  of  heat  exchangers.  However,  problems  related  to 
carbonate  precipitation  are  not  expected  because  the  availability  of  CO, 
is  very  limited.  The  solubility  of  water  vapor  was  found  to  be 
completely  reversible  up  to  600  C  and  no  hydrolysis  was  observed  [14]. 
Procedures  are  available  for  removing  anionic  contaminants,  such  as 
nitrite  and  carbonate,  if  needed  (11,15).  No  adverse  effects  on  the 
molten  salt  were  observed  during  approximately  1000  hours  of  testing  of 
a  one-megawatt  SCR  electric  power  generating  system  at  the  Central 
Receiver  Test  Facility  in  Albuquerque,  NM  [9]. 

Two  reports  were  prepared  which  discuss  loading,  operating  and 
maintaining  SCR  systems  that  contain  large  quantities  of  salt  [15,16]. 
Hazards  management  related  to  the  use  of  molten  nitrate  salt  has  also 
been  discussed,  although  in  an  SCR  the  necessary  precautions  are  those 
associated  with  any  hot  fluid,  since  oxidizable  materials  will  not  be 
present  [15,161.  A  comprehensive  review  of  the  hazards  associated  with 
molten  salts  has  been  published  by  Allen  and  Janz  [17], 


Physical  Properties 

A  knowledge  of  the  physical  properties  of  the  working  fluid  in  a 
SCR  is  essential  for  design  calculations  involving  heat  transfer  and 
fluid  flow  in  such  components  as  receivers,  heat  exchangers,  pumps,  and 
thermal  energy  storage  subsystems.  Although  data  on  most  of  the 
important  properties  (for  example,  viscosity,  density,  thermal 
conductivity  and  heat  capacity)  are  available  in  the  literature  for 
single  alkali  nitrate  salts  [5],  the  properties  of  the  SCR  mixture  were 
not  available  over  the  operating  temperature  range.  Experimental 
measurements  of  these  properties  were  made  at  temperatures  which 
significantly  extended  the  range  of  existing  data.  The  measured  values 
are  presented  in  Figure  2. 

Viscosity,  density  and  surface  tension  (not  shown)  were  determined 
from  250  C  to  600  C  using  a  single  apparatus  [18].  Viscosity  decreased 
from  about  5  gm/cm/sec  at  250°C  to  1  at  600°C,  while  density  decreased 
moderately  with  temperature  and  was  nominally  1.8  gm/cm  .  These  data 
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agree  with  literature  values  at  lower  temperatures  where  comparisons  can 
be  made.  Thermal  conductivity  was  round  to  be  weakly  dependent  on 
temperature  from  250°C  to  400°C  and  the  measured  values  were  nominally 
0.5  Urn  K  [19].  Minor  additions  of  NaNO^  and/or  Na^CO^  to  the  melt 
had  a  negligible  effect.  The  heat  capacity  of  the  molten  mixture  was 
determined  by  differential  scanning  calorimetry  and  found  to  be  about 
140  J  K  mol  [20,21].  Difficulty  in  containing  the  salt  in  the 
thermal  conductivity  and  heat  capacity  apparatus  limited  the  accessible 
temperature  range.  The  equations  expressing  the  temperature  dependence 
of  each  property  are  available  in  the  above  references. 


Corrosion  of  Metallic  Materials 

It  was  necessary  to  resolve  two  issues  before  selecting  suitable 
alloys  and  metals  for  containment  of  the  molten  salt.  These  were  the 
corrosion  rates  at  operational  temperatures  and  the  solubility  of 
metallic  oxides  in  the  molten  salt.  Although  the  corrosion  behavior  of 
various  metals  and  alloys  has  been  reported  previously,  the  data  have 
been  derived  from  short-term  tests  and  were  not  considered  adequate  for 
engineering  design.  The  concern  with  regard  to  solubility  behavior  was 
that  dissolved  corrosion  products  might  precipitate  in  the  coldest  parts 
of  the  flow  system  and  foul  or  plug  them,  a  phenomena  called  thermal- 
gradient  mass  transfer. 

Corrosion  and  mass  transfer  behavior  were  investigated  using 
thermal  convection  loops,  which  operated  at  temperatures  spanning  the 
range  of  a  SCR,  300°C  to  600°C  [22].  The  alloys  tested  were  Alloy  800, 
304SS  and  316SS.  The  rates  of  metal  loss  of  these  alloys  were  5-12 
micron/year  at  600  C  [23-26],  Measurements  of  metal  losses  by  chemical 
descaling  revealed  that  the  majority  of  metal  consumption  was  due  to 
oxidation  [ 26 1 .  Chemical  analyses  of  the  salt  in  the  loops  established 
that  chromium  was  soluble,  whereas  iron  and  nickel  were  negligibly 
soluble.  The  solubility  of  chromium,  as  chromate  ion,  in  molten 
nitrates  is  quite  large;  accordingly,  thermal-gradient  mass  transfer  was 
not  observed. 

Corrosion  data  for  a  wide  variety  of  alloys  and  metals  were 
obtained  from  long-term  experiments  in  isothermal  crucibles.  Materials 
for  the  complete  range  of  operating  temperature  environments  were 
tested,  including  stainless  steels  (austenitic  and  ferritic),  chromium- 
molybdenum  steels,  carbon  steel,  aluminum  diffusion-coated  steels, 
nickel,  aluminum  and  titanium.  Representative  results  from  these  studies 
are  summarized  in  Table  1.  In  general,  alloys  with  at  least  92  chromium 
were  quite  corrosion  resistant  up  to  60CTC  [27],  A  nickel-base  alloy, 
IN600,  was  somewhat  more  corrosion  resistant  than  Alloy  800,  although  it 
underwent  internal  oxidation,  which  the  iron-base  alloy  did  not.  Cr-Mo 
steels  with  1  to  52  Cr  experienced  metal  loss  rates  as  high  as  100 
micron/year  over  a  restricted  temgerature  range  [28J.  Aluminized  Cr-Mo 
steels  were  very  resistant  at  600°C  ] 2 9 ] .  Similarly,  aluminum  was 
negligibly  affected  at  565  C.  Titanium  oxidized  more  rapidly  than 
ferrous  alloys,  but  formed  an  adherent  surface  oxide  layer,  while  nickel 
experienced  severe  intergranular  corrosion  [30]. 


A  better  understanding  of  corrosion  mechanisms  was  obtained  by 
studies  of  the  kinetics  of  oxidation  and  depletion  in  crucible  tests. 

The  rate  laws  for  both  processes  in  most  Cr-containing  alloys  were 
parabolic  up  to  600°C  [27,32].  At  these  temperatures,  the  corrogion 
products  were  spinels  of  iron  and  chromium  and  Fe20,.  Above  615  C, 
sodium  ferrite  was  formed  [ 31 ] ,  corrosion  rates  increased  markedly,  and 
kinetics  were  observed  that  indicated  the  formation  of  a  non-protective 
surface  film  [32],  as  shown  by  the  plot  of  Cr  depletion  from  Alloy  800 
in  Figure  3.  The  relatively  rapid  oxidation  of  Cr-Mo  steels  was 
associated  with  the  formation  of  ik-Fe.O,  |28).  Electrochemical 
polarization  studies  of  Alloy  800  confirmed  the  passivation  of  Alloy  800 
in  the  melt  [33]  and  the  surpression  of  galvanic  corrosion  of  Alloy 
800/mild  steel  couples  by  surface  films  (1[.  Some  of  the  chemical  and 
electrochemical  factors  relevant  to  corrosion  in  molten  nitrates, 
including  the  inadvisability  of  cathodic  protection,  have  been  discussed 
by  Smryl  [ 34  | . 

Since  the  oxide  scales  on  high- temperature  alloys  were  very 
adherent,  no  thermal  cycling  tests  were  done.  Examination  of  scale 
layers  on  the  inside  surface  of  Alloy  800  receiver  tubes,  that  had 
operated  for  about  1000  hours  in  a  cyclic  solar  radiation  environment, 
revealed  adherent  oxides  that  grew  somewhat  faster  than  isothermally- 
grown  scales  [35].  Operation  of  a  forced-convection  loop  did  not  reveal 
any  obvious  erosion  damage  to  surface  scales  [11|. 


Environmental  Effects  on  the  Mechanical  Properties  of  Alloys 

The  receiver  tubes  of  SCRs  present  unusual  problems  in  materials 
selection  and  design  because  of  the  stresses  which  arise  from  one-sided 
heating,  as  well  as  from  the  thermal  cycling  inherent  in  solar  receiver 
operation  [36].  A  key  concern  was  whether  the  molten  salt,  in 
conjunction  with  the  thermomechanical  environment,  would  promote 
cracking  of  alloys  used  for  receiver  tubes  and  other  components  or 
otherwise  degrade  their  mechanical  properties.  The  complexity  of 
mechanical  testing  in  a  molten  salt  environment  limited  studies  to  the 
most  favored  alloys,  Alloy  800,  316SS  and  HT-9  (receiver  tubes)  and  2- 
l/4Cr-lMo  steel  (steam  generator  tubes). 

Slow  strain  rate  tests  and  creep  tests  in  the  molten  salt  at  600°C 
established  that  neither  environmentally-induced  cracking  nor 
significant  acceleration  of  oxidation  due  to  deformation  occurred  in 
Alloy  800  [ 37 , 38 | .  Figure  4  shows  the  insensitivity  of  the  ductility  of 
Alloy  800  to  strain  rate  during  prolonged  immersion  in  the  molten  salt, 
as  compared  to  air.  Slow  strain  rate  tests  showed  that  the  strength  and 
ductility  of  316SS  were  unaffected,  but  a  measurable  loss  of  the 
ductility  of  HT-9  was  observed  [39],  No  significant  reduction  in 
lifetime  was  found  during  fatigue  and  creep-fatigue  tests  of  Alloy  800 
in  molten  salt  at  650  C  when  compared  to  tests  in  air  [40].  2-l/4Cr  IMo 
steel  experienced  a  loss  in  ductility  at  temperatures  up  to  525°C,  due 
to  the  acceleration  of  oxidation  by  deformation  over  a  range  of  strain 
rates  [41 1.  However,  this  does  not  preclude  its  use  in  heat  exchangers 
at  lower  temperature. 


Compatibility  of  Non-metallic  Materials 

Other  compatibility  questions  which  were  investigated  concerned  the 
selection  of  non-metallic  materials  for  several  important  functions, 
including  fluid  seals  for  valves,  thrust  bearings  in  pumps,  and  internal 
insulation  and  solid  ballast  for  thermal  energy  storage. 

A  comprehensive  study  was  conducted  to  evaluate  materials  for  valve 
stem  seals  in  flow  control  valves  [42].  Compression  packings  were 
emphasized  because  this  type  of  seal  offers  economic  advantages  in  large 
valves.  Below  300  C,  good  compatibility  was  observed  with 
polytetraf luoroethylene  (PTFE)  and  graphite.  Other  materials  commonly 
used  to  fabricate  packings  for  high  temperature,  including  asbestos, 
borosilicate  glass,  aramid  fiber  and  perf luoroelastomers ,  were  not 
suitable.  PTFE  is  not  mechanically  acceptable  at  higher  temperature,  and 
graphite  began  to  oxidize  rapidly  above  400UC,  as  shown  in  the 
thermogravimetric  analysis  plot  in  Figure  5.  Thus,  valve  designs  must 
limit  the  temperature  of  the  packing  to  300°C. 

Compatibility  tests  were  conducted  with  a  variety  of  ceramics. 
Silicon  carbide,  proposed  as  an  thrust  bearing  in  pumps,  displayed  good 
resistance  to  the  molten  salt,  resulting  in  a  corrosion  rate  of  7 
micron/year  at  565  C,  due  to  dissolution  of  SiC  as  silica  or  silicate 
[30].  Boron  nitride  was  relatively  inert  in  the  melt  below  300°C  [42], 
while  dense  alumina  was  unaffected  up  to  630°C  1 32  ] .  Many  refractory 
insulating  materials  were  evaluated  as  internal  insulation  for  large 
salt  storage  tanks,  where  wetting  by  the  molten  salt  at  565°C  would  be 
necessary  ] 43 J .  Dissolution  of  the  silica  phases  in  these  materials 
caused  unacceptable  deterioration.  Experiments  were  also  conducted  with 
materials  which  would  be  useful  as  inexpensive  ballast  for  thermal 
energy  storage.  Taconite  pellets  (mainly  iron  oxide)  were  relatively 
stable  in  contact  with  the  salt  at  565°C,  but  granite  was  not  [44]. 


Conclusions 

A  comprehensive  data  base  on  the  properties  of  molten  nitrate  salts 
has  been  established  that  allows  SCR  systems  to  be  designed  with 
confidence  in  their  performance.  The  data  base  includes  information  on 
the  chemical  and  physical  properties  of  molten  mixtures  of  NaNO,  and 
KNO.,  and  the  effects  of  the  molten  salt  on  many  metallic  and  non- 
metallic  materials  commonly  used  in  high- temperature  applications. 

Molten  nitrate  salt  was  shown  to  be  chemically  stable  in  air  at 
temperatures  up  to  600  C,  the  upper  design  limit.  Higher  temperatures 
should  be  avoided  because  decomposition  yields  high  concentrations  of 
nitrite  and  alkali  oxides.  The  effects  of  atmospheric  CO^  and  H,0  on  the 
melt  appeared  to  be  minimal  as  a  practical  matter.  The  important 
physical  properties  of  the  melt  were  determined  and  are  available  to 
designers.  Although  values  of  thermal  conductivity  and  heat  capacity  at 
maximum  temperatures  would  be  desirable,  extrapolations  of  available 
data  are  suitable  for  design  purposes. 


964 


Materials  are  available  to  fabricate  all  the  components  needed  for 
an  SCR  system.  Good  corrosion  resistance  was  demonstrated  by  Alloy  800, 
300-series  stainless  steels,  and  9Cr-lMo  at  600°C  during  long-term 
tests.  Corrosion  rates  of  ferrous  alloys  increased  rapidly  at  higher 
temperatures  and  these  temperatures  should  be  avoided.  Chromium  was 
slowly  leached  from  some  alloys  by  the  salt,  but  thermal  gradient  mass 
transfer  was  not  observed.  The  oxide  layers  on  high-temperature  alloys 
were  adherent,  although  oxidation  was  somewhat  faster  during  the  thermal 
cycling  experienced  in  receiver  demonstration  tests.  Corrosion 
allowances  of  up  to  100  micron/year  may  be  necessary  for  2-1/ACr-lMo  at 
460°C.  The  molten  salt  did  not  cause  cracking  of  receiver  tube  alloys. 
Among  non-metallic  materials,  graphite  and  PTFE  were  resistant  at  300  C, 
but  silica-containing  refractories  deteriorated  at  565  C. 

The  fundamental  conclusion  of  this  research  program  is  that  the  use 
of  molten  nitrate  salts  for  energy  collection,  transfer  and  storage  in 
SCR  systems  is  technically  feasible.  This  conclusion  is  supported  by 
demonstrations  in  multi -megawatt  receiver  tests  and  electric  power 
generation  experiments. 
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Table  1.  Corrosion  rates  of  selected  alloys  and  metals 
in  molten  NaNO^-KNO^. 


Alloy 

Temp . 

Corrosion  rate 

Reference 

(°C) 

(microns/year) 

Alloy  800 

565 

5 

24,25 

600 

6-10 

25,26 

630 

75 

32 

316SS 

600 

7-10 

24,25 

630 

106 

32 

304SS 

600 

12 

23,27 

IN600 

600 

24 

30 

630 

60 

30 

12Cr  steel 

600 

22 

27 

9CrlMo 

550 

6 

28 

600 

23 

27 

2-l/4CrlMo 

460 

101 

28 

500 

26 

28 

carbon  steel 

460 

120 

30 

nickel 

565 

>500 

30 

titanium 

565 

40 

30 

aluminum 

565 

<4 

30 

aluminized 
Cr-Mo  steel 

600 

<4 

29 

96  7 


Change  of  Sample  Mass 


Figure  4.  The  effect  of  strain  rate  on  the  ductility  of 
Alloy  800  exposed  to  aolten  nitrate  salt  at  600°C. 

a)  total  elongation  (strain  to  fracture) 

b)  reduction  in  area  (ft. A. ) 
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Figure  5.  Theraogravlaetr ic  analysis  of  the  oxidation 
of  graphite  by  aolten  nitrate  salt. 
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ABSTRACT 

In  the  frame  of  the  beneficiation  program  of  an  anatase  titanium  ore.  a 
carbo-chlorination  process  of  very  fine  particles  of  high  Ti02  content  ( SOCF )  in 
molten  NaCl  at  880°C  has  been  developped  at  a  kilogram  pilot  scale.  Titanium 
tetrachloride,  99 %•  pure,  has  been  obtained  with  yields  as  high  as  9871  and  a 
mean  velocity  of  1000  mol.m  ’lv1.  Mass  balance-sheets,  performed  on  melt, 
residue  and  gas  samples,  have  demonstrated  the  following  facts: 

-the  stoich  bmetrv  is  two  C  and  two  CL  for  one  Ti. 

-the  alkaline-earth  and  rare-earth  impurities  contained  in  the  ore  are  completly 
chlorinated  (>99%)  and  dissolve  in  the  melt  enabling  a  subsequent  recuperation. 


INTRODUCTION 

Anatase,  an  allotropie  variety  of  rutile,  can  be  found  in  "Minas  Gerais"  state 
in  the  center  of  Brazil  under  the  form  of  huge  and  high  TiO,  content  deposits 

(reserves  over  10!,t  with  a  25%  average  content),  and  are  being  beneficiated  by 
the  top  brazilian  mining  company  "CVRD",  through  a  wide  program  called 
"Projeto  Titanio". 

In  the  present  phase,  this  program  is  mainly  aimed  toward  a  4x10  t/v 
production  of  a  90%  Ti02  concentrate  for  the  chlorine  route  pigment  industries. 
An  original  up-grading  process  has  been  developped  by  CVRD  ( 1 )  in  order  to 
take  into  account  the  specificity  of  this  world  unique  titanium  ore  deposit,  and  a 
15000  t/y  pilot  plant  has  been  running  for  3  years  producing  a  concentrate  with 
the  characteristics  collected  in  table  1-A.  In  this  process,  quantities,  as  high  as  4 
times  the  production,  are  evolved  as  sub-product  under  the  form  of  fine  particles 
(>4(X)  mesh)  of  high  titanium  oxide  content,  as  shown  in  table  1-B. 
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These  particles,  which  are  much  too  small  to  be  used  in  the  fluidized  bed 
chlorine  process  for  pigment  production  (2),  are,  on  the  contrary,  an  excellent 
material  for  reactions  in  molten  salt  media  due  to  the  high  specific  surface  of 
exchange  (3,4). 

The  work  presented  here  describes  the  batch  production  of  titanium 
tetrachloride  at  a  kilogram  pilot  scale  by  chlorination  of  these  anatase  fine 
particles,  and  the  subsequent  recuperation  of  rare-earth  impurities  of  much  higher 
financial  interest. 


CHOICE  OF  PARAMETERS 

Though  ch. urination  of  titanium  oxide  ores  be  widely  described  (5)  ,  few 
processes  have  been  developped  in  molten  salts  (6  to  17)  and  none  for  the 
anatase  variety.  Consequently,  parameters  such  as  temperature,  medium  and 
chlorinating  agent  have  been  chosen  as  undermentionned. 

-Temperature  :  for  kinetics  reasons,  most  of  reactions  described  in  molten  salts 
have  been  undertaken  at  temperatures  higher  than  7()0°C,  even  with  lower 
melting  point  melts,  as  it  has  been  shown  that  below  this  temperature  the  rate  of 
reaction  drops  sharply  (11,18). 

-Melt  :  for  the  above  mentionned  kinetics  reasons,  as  well  as  for  economical 
ones,  molten  sodium  chloride  has  been  used  as  solvent  at  a  temperature  ranging 
10°  around  880°C. 

-Chlorinating  agent  :  as  shown  in  table  2,  chlorination  by  Cl,  or  by  11CI  is 
thermodynamically  impossible  for  the  major  part  of  the  oxides  present  in  the 
anatase  concentrate  at  1 150K  (19).  At  this  temperature,  the  most  efficient 
chlorinating  mixture,  carbon  and  chlorine,  has  been  used,  the  former  being 
obtained  from  charcoal  in-situ  decomposition  during  the  heating  step  of  the 
whole  charge.  In  fact,  thermogravimetric  studies  have  shown  that  carbon  is 
obtained  with  a  yield  of  90%,  while  9  to  9.5%  volatile  compounds  are  expelled 
around  300°C,  the  balance  being  obtained  with  ashes. 

-Granulometry  :  though  this  parameter  be  settled  at  less  than  400  mesh  by  the 
fabrication  process,  attempts  to  evaluate  its  influence  on  kinetics  have  been  made 
by  sintering  fine  particles  up  to  3  mesh  and  chlorinating  them  respectively. 


EQUIPMENT 

The  pilot  unit  is  composed  by  four  main  parts,  such  as  heating  device, 
reactor,  condensation  set,  and  scrubbing  device,  as  represented  in  fig.  1 . 

-The  heating  device  is  a  13  kw  furnace  composed  by  two  hemi-cylindrical  parts 
separable  by  moving  them  along  a  rail  track.  It  is  thermoregulated  in  three 
different  regions. 
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-The  reactor  is  a  silica  vessel,  2.8m  high  and  0.1m  in  diameter, 
composed  of  a  jacket  thermoregulated  top,  a  central  body  in  which  is 
introduced  a  tube  with  a  porous  silica  disk,  and  a  bottom  containing 
a  crucible  for  collecting  the  molten  salt  after  operation.  The  whole 
set  is  operated  as  in  the  pictogram  represented  in  fig.  2. 

-The  condensation  set  is  composed  of  two  vessels.  The  first  one, 
filled  with  NaCI ,  is  maintained  at  2 00“C  in  order  to  trap  NbCl,  and 
FeClj  in  the  form  of  liquid  chloride  complex.  The  second  vessel  is 
cooled  down  in  order  to  condense  the  evolved  titanium  tetrachloride. 

-The  destruction  of  excess  chlorine  is  obtained  by  scrubbing  outlet 
gases  with  a  concentrated  soda  shower,  recirculated  from  a  1001.  tank. 

RESULTS  AND  DISCUSSION 

The  function  analysis  of  the  whole  process  is  as  represented  in 
fig.  3  and  gave  the  following  results: 

-Chlorination  proceeds  according  to  the  reaction 

TiOj  v  2  Cl 2  ♦  2  C  =  TiCl 4  ♦  2  CO 

as  the  mean  values  of  C/Ti  and  C!2/Ti  ratios  for  12  runs  at  88C°C 
have  been  found  equal  to  2.0  with  an  uncertainty  of  0.1  respectively. 
This  result  is  in  agreement  with  previous  works  in  the  same 
temperature  range  (4,9). 

-The  maximum  chlorination  yield  for  titanium  di-oxide  has  been  found 
around  98X  at  880^,  which  is  in  good  agreement  with  the  results  of 
Baikova  in  molten  carnalite  at  900°C  (6),  and  significantly  higher 
than  in  a  classical  process  (2). 

-The  rate  of  chlorination  was  found  respectively  equal  to  104, 

1 . 3  x  1 0 3 .  7 . 5  x  1 0 2 ,  and  4xl02mol  .m'Jh*1,  for  400,  32,  9,  and  3  mesh 
feed  material  granulometry.  These  values  are  higher  than  those 
available  in  literature,  probably  thanks  to  anatase  high  reactivity 
and  low  granulometry.  For  example,  Sultanova  and  col. (16)  obtained 
rates  in  the  range  3  to  6xl0~2  mol.nr2lrl.  at  temperatures  around 
700°C  in  molten  carnalite.  Another  result,  claimed  in  a  Japanese 
patent(9),  is  0.25  mol.tr1.  for  a  0.45  kg  NaCI  melt  at  900°C,  which, 
assuming  a  reasonable  cylindrical  shape,  would  correspond  to  a  rate 
of  about  100  mo1.nr*h-1.  A  velocity  of  0.13  mol.fr1.  is  given  in  the 
example  of  a  French  chlorination  patentd?)  in  a  10  kg  reactor, 
which,  with  the  same  assumptions  as  above,  would  lead  to  a  chlorina¬ 
tion  rate  of  20  mo!  .nr2lr 1 . .  a  value  that  can  be  explained  by  the  low 
temperature  used  (470°C)  and  the  granulometry  (100  mesh). 

-The  chemical  analysis  of  T1 Cl 4  obtained  for  two  different  yields  are 
reported  in  table  3  and  demonstrate  that  the  purity  is  over  99X, 
while  the  one  obtained  by  the  fluidized  bed  process  is  around  98. 5% 
(20,21).  This  can  be  explained  by  a  trapping  and  filtering  effect  of 
the  mol  ten  salt  bath. 
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-The  impurities  contained  in  the  feed  material  (see  table  1 )  are  chlorinated  more  or 
less  according  to  the  order  of  AG  indicated  in  table  2.  Non-volatile  ones,  such  as 
alkaline-earth  and  rare-earth,  are  completly  dissolved  in  the  melt,  as  shown  in 
table  4.  Their  recuperation  under  the  form  of  chloride  compounds  is  possible  by 
reversing  the  chlorine  flow  and  filtering  the  melt  through  the  porous  silica  disk. 


CONCLUSION 

The  set  of  results  obtained  on  a  dozen  runs  of  this  pilot  unit  demonstrated 
the  reusability  of  production  of  high-grade  titanium  tetrachloride  by  molten  salt 
chlorination.  The  advantages  of  this  process  with  respect  to  the  fluidized-bed  one 
are,  on  one  side,  the  use  of  a  sub-product  that  is  too  fine  and  too  rich  in 
compounds  which  give  clogging  non-volatile  chlorides,  and  on  the  other  side, 
the  purity  of  the  obtained  product  and  the  possible  recuperation  of  high-value 
rare-earth  compounds. 

For  these  reasons,  a  prototype  plant  of  1000  t/y  capacity  is  to  be  built  at 
CVRD's  for  early  1988,  by  "Extramet",  a  French  company  specialized  in  molten 
salts  process  engineering. 
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l:  Chemical  analysis  of  concentrated  ana  use  ore  ( I  -  A)  and  anata.se  fines  ( 1  -  B), 
in  weight  percent. 


Oxide 

Concentrate  A 

Fines  B 

Ti02 

89.20 

82.01 

Fc2°3 

4.80 

3.77 

AlsO, 

1.40 

2.33 

Si02 

4,50 

0.83 

p2°5 

1.22 

3.66 

Nh2°5 

0.56 

0.78 

CaO 

0.20 

0.85 

BaO 

0.10 

0. 1 5 

MgO 

0.10 

0,07 

CeOa 

0.39 

1.45 

La2Ch 

0  14 

0.92 

y:o3 

0.01 

009 

lallki:  Free  energy  values  (keal/mol)  for  chlorination  reactions  at  1150  K,  according  to  (Id). 


Oxide 

Ti02 

FesO, 

AGO, 

Si02 

P20<j 

CaO 

BiiO 

MiiO 

AG  for  Cl, 

24.38 

1 7.70 

66.17 

47.44 

55.29 

-29.30 

-56.51 

2.46 

AG  for  HCI 

3 1 .57 

28.49 

76.96 

54.6.3 

66.07 

-25.71 

-52.90 

6.05 

AG  for  Cl  s/C 

-75.61 

-132.2 

-83.82 

-52.51 

-04 .60 

-79.32 

-106.50 

-47.52 
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Table  .1'  T1CI4  chemical  analysis  (weight  cJc)i or  anjiase  fines  chlorination  yields  ol  97.5 
and  70.0  1  respectively. 


Chlorination  yield 

97.5 

70.0 

T1CI4 

99.59 

99.52 

FeC'h 

0.08 

0.04 

AICI.3 

0.18 

0.28 

S1CI4 

0.07 

0.05 

POCI3 

0.01 

0.04 

NT1CI5 

0.05 

0.05 

CaCh 

0.02 

0.01 

BaCh 

0.02 

0.02 

MgCh 

0.01 

0.008 

CcClj 

0.15 

0,15 

L  .ad  3 

0.02 

0.02 

VCI3 

0.008 

0.000 

Table  4:  Chlorination  \  ields  and  mass  percentages  of  remaining  elements  in  the  melt  at  8X0  C, 


Element 

Ti 

Fe 

Al 

Si 

P 

Nh 

Ca 

Ba 

Mg 

Ce  La 

Chlorina¬ 

97.5 

99.5 

86.5 

79.0 

89.0 

96.5 

99.5 

99.5 

9A.0 

99.5  99.9 

tion  yield 

Vfc 

6.0 

55,0 

74.5 

95.0 

59.0 

6.5 

100 

1(H) 

100 

90  0  99.2 

in  melt 
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ABSTRACT 

The  molten  salt  composed  of  l-methyl-3-ethyl imidazol ium 
chloride  and  aluminum  chloride  may  be  used  as  a  medium  for 
several  types  of  electrophilic  aromatic  substitution 
reactions.  The  melt  is  liquid  at  room  temperature  and  its 
acidity  may  be  readily  adjusted.  The  types  of  reactions 
found  to  be  catalyzed  by  the  melt  were  Friedel -Crafts 
alkylations  and  acylations,  chlorinations  and  nitrations. 
In  some  cases,  the  reactive  electrophile  intermediate  could 
be  isolated  from  the  melt. 


INTRODUCTION 

Organic  reactions  in  molten  salts  have  a  long  but  not  particularly 
extensive  nistory.  Reactions  of  organic  solutes  in  general  (1)  anp 
chloroa 1 unr nate  molten  salts  in  particular  <2>  have  been  reviewed.  A 
very  thorough  treatment  of  crgan’c  chemistry  in  molten  salts  up  to 
•986  has  been  provided  ty  Pagni  (3).  Orgaric  solvents  are 
justifiably  the  medium  of  choice  for  most  reactions  involving  organic 
reactants  and  products.  However,  in  some  cases  molten  salts  offer 
advantages  of  faster  reaction,  improved  yield  and  easier  product 
recovery.  For  e*amp'e,  some  interesting  redo«  properties  of 
SbC  1 3 - ba s ed  molten  salts  were  exploited  by  Smith  e_t  aj  to  facilitate 
some  hydrogen  transfer  reactions  that  would  be  highly  unusual  fn 
normal  organic  solvents  (4). 

Chloroaluminates  are  an  interesting  class  of  molten  salts,  due  to 
their  relatively  low  melting  points  and  rich  acid-base  chemistry. 
NaC 1 -A  1 C 1 3  has  a  eutectic  at  107°C,  and  may  be  a  basic  medium  <in  a 
Lewis  sense)  when  NaCl  is  in  excess  or  it  may  be  an  acidic  medium 
when  A 1 C 1 3  is  in  excess.  More  recently,  chloroaluminates  composed  of 
1 -methyl -3-ethyl i m i dazol i urn  chloride  and  aluminum  chloride 
< ME i C- A 1 C 1 3 )  have  demonstrated  similar  acid-base  properties,  but  are 
liquid  at  room  temperature  (5,  6).  The  below  room  temperature 
melting  points  for  the  MEIC-AlClj  salts  and  their  ability  to  readily 
dissolve  many  organic  compounds  perhaps  justifies  considering  them 
more  as  non-aqueous  solvents  rather  than  molten  salts. 


ME  I C-A 1 C 1 3  mixtures  with  excess  A 1 C 1 3  provide  a  medium  that  is  very 
acidic  but  are  rather  easily  prepared  and  handled.  The  composition 
is  denoted  as  the  apparent  mole  fraction  of  A’Cly,  N.  For  N,0.5,  tne 
melts  are  acidic,  and  the  species  responsible  for  the  acidity  is 
AI2CI7'.  In  very  acidic  melts  c N=0 .75)  there  is  mounting  evidence 
that  AI2CI5  and  AI3CI10'  may  be  important.  It  is  important  to 
emphasize  the  nature  of  the  species  in  the  ac;dic  melts  because  tne 
naive  reader  may  be  tempted  to  interpret  the  results  of  tne  organic 
reactions  described  below  as  simply  due  to  dissolved  A 1 C 1 3 

These  very  acidic,  and  of  course  non-aqueous.  med’a  are  quite 
attractive  for  certain  types  of  organic  reactions.  The  key  to  their 
great  utility  is  that  they  have  catalytic  act’vity  similar  to  A 1 C '  3 
in  more  conventional  media,  but  tne  catalytic  activity  may  oe  read’lv 
controlled  through  the  A 1 2C 1 7  ‘  concentration,  which  i;  determined  by 
the  melt  composition.  N.  In  general  the  type  of  organic  reaction 
promoted  by  acidic  conditions  are  those  where  e  1  e c t oph ;  1 1  c 
intermediates  are  generated.  The  most  notable  of  tnese  a-e 

electrophilic  aromatic  substitutions  (EAS),  which  includes  tne  bread 
category  Known  as  Friedel-Crafts  reactions.  Scheme  1  shows  a  genera! 

RX  *  AlClg  ♦  R+  >  A  t  C 1  3X- 

R*  *  A r  H  ■»  H-Art-R  ->  RAr  ♦  H  + 

H+  +  A 1 C 1  3X-  ->  A 1 C 1  3  -  HX 

Scheme  1.  Mechanism  of  Electrophilic  Aromatic  Substitution 

mechanism  for  EAS,  in  this  case  catalyzed  by  A 1 C 1 3 .  Tne  R".  "/  , 
"Ar"  and  "AICI3"  are  variables  that  may  be  selected  by  the  :nem!st. 
"R"  is  not  necessarily  a:kyl,  ’X"  is  not  necessarily  a  ha ;  i de ,  ar.g 

" A 1 C 1 3 ’’  is  net  necessarily  as  simple  as  it  appears.  In  this  recc-t 

we  will  describe  the  utility  of  the  room  temperature  organic 

chloroaluminate  melts  as  media  for  EAS.  In  particular,  «e  will  show 
that  a  variety  of  "RX"  reactants  may  be  usee  in  the  melts,  and  that 
some  of  the  ’R+"  intermediates  are  surprisingly  stable.  We  will  also 
summarize  some  earlier  work  regarding  the  true  participation  of 
"AICI3"  for  organic  reactions  in  the  ME  I C- A 1 C 1 3  ionic  liquids. 


EXPERIMENTAL 


MATERIALS 

The  1 -methyl -3-ethyl imidazol ium  chloride,  aluminum  chloride  and  the 
melts  derived  from  these  materials  were  prepared  and/or  purified  as 
described  earlier  (5).  Acetonitrile,  di chlor omethane ,  carbon 
tetrachloride  and  chloroform  were  dried  by  refluxing  over  hnOs  ^or 
two  days  and  distilled  into  oven-dried  bottles.  The  mono-acyl 
chlorides  (acetyl,  propanoyl  and  butanoyl)  were  refluxed  over  P2O5, 
then  vacuum  distilled.  The  d ' -acyl  chlorides  (malonyl,  succinyl. 


glutaryl  and  adipyl)  were  used  as  received  (Fluka  purum  grade). 


INSTRUMENTAL  METHODS 

Melts  were  prepared  and  reaction  vessels  were  loaded  in  He-filled 
glove  boxes  maintained  at  less  than  lOppm  combined  O2  and  H2O. 
Infrared  spectra  were  obtained  on  an  IBM  model  32  FTIR 
spectrophotometer.  Nuclear  magnetic  resonance  spectra  were  obtained 
on  either  a  JEOL  model  FX-90Q  or  IBM  model  NR-80  spectrometer.  GC/MS 
analysis  of  the  reaction  products  was  performed  on  a  Hewlett-Packard 
model  5985  GC/MS  using  a  3  ft  column  packed  with  2%  OV- 101. 

ACYLIUM  INTERMEDIATES 

The  solid  crystalline  reactive  intermediates  were  all  prepared  in  a 
similar  manner.  The  acetylium  intermediate  is  descr:bed  as  an 
example.  Acetyl  chloride  (19.35  g)  was  added  slowly  to  an  N=0 . 67 
MEIC-AICI3  melt  (100  g),  and  the  mixture  was  allowed  to  stand  for 
12-24  hrs.  White  needle  crystals  formed  during  the  reaction.  The 
mixture  was  vacuum  filtered  through  a  fritted  glass  filter,  washed 
with  1/1  (v/v)  chloroform/carbon  tetrachloride,  dried,  then  stored 
under  dry  He. 

GENERAL  PROCEDURE  FOR  CHLORINATION  REACTIONS 

Benzene  (l  mL)  was  added  to  5.0  g  of  melt  < N=0 . 3 3  or  0.55).  Chlorine 
gas  was  slowly  bubbled  into  the  mixture  for  1  hr  in  an  inert 
atmosphere.  A  I  mL  aliquot  was  removed,  hydrolyzed,  and  extracted 
into  3  mL  of  ether.  The  ether  was  dried  over  MgSOg  and  analyzed  by 
GC/MS. 

GENERAL  PROCEDURE  FOR  NITRATION  REACTIONS 

Acidic  melt  (N=0.67,  1.5  mmol)  was  placed  in  an  oven  dried  50  mL 
flask,  capped  with  a  septum,  and  removed  from  the  glove  bc«.  The 
aromatic  reactant  <1.0  mmol)  was  added  via  syringe.  The  mixture  «as 
stirred  with  a  magnetic  stir  par.  The  dry  nitrating  agent  (1.5  mmol) 
was  added  very  slowly.  The  mixture  typically  changed  to  a  reddish 
color  upon  addit;on  of  the  nitrating  agent  ang  the  solid  did  not 
completely  dissolve.  The  reaction  was  anowed  to  continue  at  room 
temperature  for  up  to  3  hr.  The  reaction  was  quenched  with  water  (10 
mL),  extracted  with  ether  and  analyzed  by  GC/MS  as  described  above 
for  chlorination  reactions. 


RESULTS  AND  DISCUSSION 
AKLYLATIONS  AND  ACYLATIONS 

The  alkylation  and  acylation  of  aromatic  compounds  catalyzed  by  A 1 C 1 3 
are  the  archetypal  Frf edel-Crafts  reactions.  In  an  earlier  report 
(7)  we  showed  that  numerous  chloroal kanes  will  very  rapidly  alkylate 
the  aromatic  ring  of  a  variety  of  compounds  in  acidic  MEIC-AICI3 
melts.  The  acylation  of  aromatic  compounds  by  acetyl  chloride  also 
occurred  In  the  same  media,  although  at  a  slower  rate.  In  these 
reactions  the  molten  salt  was  acting  as  both  the  solvent  (benzene  is 
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soluble  in  the  melts  up  to  about  50  weight  X)  and  the  catalyst.  An 
important  feature  of  the  use  of  the  ME  I C-A 1  Cl  3  melts  as  reaction 
media  was  the  ability  to  control  easily  the  catalytic  activity  of  the 
solvent,  and  :hus  the  rate  of  reaction. 

The  earlier  work  also  revealed  some  details  about  the  mechanism  of 
the  electrophilic  reactions  in  the  room  temperature  melts.  The 
reaction  rate  for  acylation  of  benzene  correlated  precisely  with  the 
A 1 2C1 7-  concentration  in  the  melt,  which  was  varied  by  varying  the 
proportions  of  M E I C  and  AICI3.  Thus,  in  melts  with  N<0.5  there  was 
no  reaction,  while  for  N>0.5  the  initial  rate  increased  as  N 
increased.  Nuclear  magnetic  resonance  (NMR)  spectra  of  the  protons 
in  acetyl  chloride  in  the  acidic  melts  indicated  a  reaction  between 
CH3COCI  and  A 1 2C 1 7 _  with  a  1:1  stoichiometry.  The  mechanism  in 
Scheme  2  was  proposed. 

0  0 

II  II 

RC-C1  »  A12C1 7-  ♦  RC+  V  2AICI4- 

I  II  III 

0  0 

II  II 

RC  <•  Ar-H  -»  H-Ar'T-C-R 

IV 

0  Q 

II  II 

H-Ar*-C-R  *  A 1 C 1 4 "  ♦  Ar-C-R  «•  HC 1  »  A J Cl 3 

V 


A 1 C 1  3  +  A 1 C 1 4  ♦  Al2^7- 


0  0 

ll  II 

RC-C1  *  Ar-H  -►  Ar-C-R  +  HC1 

Scheme  2.  Mechanism  for  acylation  in  chloroaluminate  me  1 1 . 

More  recently  some  electrochemical  experiments  have  been  completed 
that  show  details  about  some  of  the  reactants,  intermediates  and 
products  proposed  in  Scheme  2.  The  experiments  took  advantage  of  the 
fact  that  neutral  MEIC-AICI3  melt  has  an  extraordinarily  wide 
electrochemical  window  (8).  As  long  as  A 1 2C 1 7 “  was  present  in 
relatively  low  concentration,  it  was  possible  to  observe  the 
reduction  of  I,  II,  III  and  V  by  cyclic  voltammetry.  First,  cyclic 
voltammetry  of  acetophenone  (product  V  in  Scheme  2,  where  R=CH 3 ) 
showed  an  irreversible  reduction  at  about  -0.52V  in  a  slightly  acidic 
melt,  and  an  irreversible  reduction  at  -1.80V  in  a  slightly  basic 
melt.  In  the  acidic  melt  the  reversible  reduction  of  A 1 2C 1 7 _  at 


-0.040V  disappeared  as  the  V  was  added.  If  excess  A 1 2C 1 7 “  was 
present,  both  a  reversible  A1(III)/A1  peak  and  an  irreversible 
reduction  of  V  were  seen.  These  experiments  simply  show  that  ketones 
complex  Lewis  acids,  which  is  well  known  in  chloroal umi nate  melts  <9>. 

A  similar  set  of  experiments  proved  that  acetyl  chloride  (I)  does  in 
fact  react  with  AI2CI7'  as  proposed  in  Scheme  2.  Figure  1  shows  that 
when  I  is  added  to'a  slightly  acidic  melt,  the  reversible  couple  due 
to  II  disappears  and  a  broad  Irreversible  wave  appears  at  about 
-0.60V.  A  control  experiment  of  I  in  neutral  melt  showed  that 
unreacted  acetyl  chloride  is  irreversibly  reduced  at  -2.08V. 
Unfortunately,  both  III  and  V  have  broad  irreversible  ''eduction  waves 
close  to  each  other,  however,  the  conversion  of  III  t)  V  can  be  seen 
in  Figure  1  as  benzene  is  added.  Note  that  after  complete  reaction 
of  III,  A 1 2CI 7_  does  not  reappear.  This  is  almost  certainly  due  to 
the  complexation  of  the  A 1 2C 1 7 “  by  the  ketone.  Electrochemistry  dees 
not  provide  structural  information,  so  III  may  have  a  structure  such 
as 


0- • -AlC's 

II 

RC-C1 

which  should  have  a  similar  reactivity. 

Cyclic  voltammetry  performed  before,  during  and  after  aUylation  of 
benzene  by  chlorocyclohexane  also  shewed  some  interesting  details  A 
mecnanism  for  that  reaction  analogous  to  Scheme  2  is  shown  in  Scheme 
3. 

Scheme  3  is  sometn-ng  of  a  simplification,  since  GC/MS  analysis  of 
the  products  proved  that  di-  and  tr  i -eye lohe <  y ■ benzene  were  a' so 
formed.  ’he  cyclic  vo 1 tammegrams  in  F>gu-e  2  s*ow  tnat  the 
intermediate  VII  is  seen  during  the  reaction  cf  VI  wit"  cenzers  ;  - 
slightly  acidic  ME IC-A 1 C 1 3  melt.  The  alkylation  is  d'^e-ent  -har 
the  acylation  in  that  after  the  reaction  >s  comp;ete,  "re 
regeneration  of  AI2CI7-  is  clearly  shown,  'his  is  undoubtedly  due  to 
the  lack  of  keto  groups  present  to  complex  with  the  A 1 nC 1 7 _ .  Neither 
the  reactant  VI  ncr  the  product  VIII  are  electroactive,  so  they  are 
not  seen  in  Figure  2. 

R-C 1  ♦  A1 2C1 7-  ->•  R+  *  2AICI4- 

VI  VII 

R+  +  Ar-H  -*  H-Ar  +  -R  R  =  cyclohexyl 

Ar-H  =  benzene 

H-Ar’-R  v  AICI4-  +  Ar-R  +  HC1  *  AICI3 

VIII 


A1  Cl  3  ♦  AICI4-  •*  A12C1  7- 


R-Cl  +  Ar-H  -►  Ar-R  ♦  HC1 
Scheme  3.  Alkylation  in  Chloroaluminate  Melts 
ISOLATION  OF  ACYLIUM  INTERMEDIATES 

During  the  course  of  the  study  of  acylation  reactions,  we  observed 
that  sometimes  a  solid  product  would  form  in  the  acidic  ME  I C- A 1  Cl  3 
melt  before  the  addition  of  an  aromatic  substrate.  For  example, 
acetyl  chloride  was  added  to  an  N=0.67  ME  I C-A 1 C 1 3  melt  so  that  it  was 
equimolar  with  the  A 1 2 C 1 7 _  present.  Over  a  period  of  several  hours  a 
mass  of  large  needle  crystals  formed,  which  could  be  filtered  and 
isolated  free  of  melt.  These  crystals  are  apparently  the  R-CO^A 1 C 1 4“ 
formed  in  the  first  step  shown  in  Scheme  2,  where  R  is  CH3.  There 
was  no  aromatic  reactant  present  to  consume  the  R-CO*  and  the 
tetrachloroaluminate  salt  was  sufficiently  insoluble  in  the  melt  to 
allow  its  isolation. 

It  is  difficult  to  prove  that  the  crystalline  material  is  actually 
R-CO-AICI4- .  While  the  crystals  are  stable  for  a  long  period,  they 
are  very  reactive.  Traces  of  moisture  oroduce  acetic  acid  and  the 
material  reacts  with  many  organic  solvents.  The  R-C0*A1 Cl  4"  crystals 
react  very  rapidly  with  aromatic  compounds  to  produce  the  acetylated 
product,  as  expected  if  the  crystals  are  in  fact  an  isolated  form  of 
the  react’ve  intermediate  in  Scheme  2.  The  elemental  analysis  is 
consistent  with  R-CG^A 1 C 1 4' ,  although  the  Cl  analysis  is  expectedly 
off  from  the  theoretical  value.  Infrared  and  NMR  analysis  of 
solutions  of  tne  crystals  were  ambiguous  due  to  suscected  reaction 
with  the  solvents.  Solid  state  IR  gave  the  C-C  stretching  frequency 
reported  for  the  R-CG'>  ion  (10).  Determination  of  the  crystal 
structure  by  X-ray  diffraction  is  now  in  progress.  There  is 
precedent  for  compounds  of  the  type  R - GO” A 1 C 1 4 _  (11),  although  their 
properties  are  not  welt  described. 

Propanoyl  and  butanoyl  chloridps  did  not  produce  crystals  when  added 
to  tne  acidic  ME  I C-A 1  Cl  3  melt,  however  in  both  cases  a  second  Dhase 
separated  as  an  oil.  We  were  unsuccessful  in  crystallizing  the 
oils.  Both  of  the  oils  were  very  reactive  and  gave  products  expected 
from  material  with  the  composition  R-C0+A1C1 4' ,  where  R  is  ethyl  or 
propyl  . 

The  acyl  chlorides  derived  from  diacids  also  sometimes  produce  a 
solid  isolatable  materia!  from  the  melts  in  the  absence  of  an 
aromatic  reactant.  Succinyl  chloride,  CICOCH2CH2COCI ,  and  adipoyl 
chloride  CICOCH2CH2CH2CH2COCI ,  produced  solid  crystalline  materials 
IX  and  X  from  acidic  melt-  Glut  aryl  chloride,  CICOCH2CH2CH2COCI , 
gave  an  isolatable  materia'  XI  as  an  oil  phase.  The  materials 
derived  from  the  diacid  chlorides  have  not  been  completely 
characterized,  but  their  products  of  reaction  with  benzene  suggest 
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trichlorobenzene  products  are  seen.  In  basic  melt  no 
polychlorobenzenes  are  observed,  but  substantial  formation  of 
tetrachlorocyclohexene  isomers  (6-7  min)  and  hexachlorocyc lohexene 
isomers  (7. 5-8. 5  min)  occurs. 

Electrophilic  reactions  could  be  cccuring  in  both  basic  and  acid'c 
media.  In  the  acidic  me'ts.  clearly  a  very  reactive  electrophile  is 
formed,  as  shown  by  the  extens;ve  polychlorination.  In  a  process 
analogous  to  the  formation  of  the  electrophile  in  the  friedel-Crafts 
reactions  discussed  above,  it  is  reasonable  to  suggest  the  mechanism 
depicted  in  Scheme  4. 

ci 2  ♦  a 1 2ci 7-  -►  a*  *  : a  1  ci 

Cl*  +  Ar-H  ■*  H-Ar  +  -CI  Ar-H  =  benzene 

H-Ar*-Cl  +  AICI4-  ■*  Ar-CI  +  HC1  ♦  A 1 C 1 3 
AICI3  ♦  AICI4-  •»  A1 2C1 7- 


C1 2  ♦  Ar-H  -»  Ar-CI  +  HC1 

Scheme  4.  Chlorination  in  Acidic  Ch; oroa I umi na te  Melts 

It  is  more  difficult  to  imagine  electrophilic  chlorination  in  the 
basic  melts  because  the  case  would  inevitably  destroy  the 
electrophile.  T.ne  explanation  lies  in  the  ‘act  that  chlorine  reacts 
with  Cl'  (the  base  in  basic  MEIC-AICI3  melt)  to  form  the  trichloride 
ion  < Cl 3_ )  < 1 3 > .  Tnis  in  effect  neutralizes  the  melt,  and  the 
trichloride  coulc  conceivably  act  as  an  electrophile  A  mechanism  ;s 
proposed  in  Scheme  5. 

Cl  2  +  Cl'  -►  CI3- 

C 1 3  ~  *  Ar-H  ■»  H-4r-Cl2  ♦  Cl"  Ar-H  =  Denzene 

H-Ar-Cl2  -»  Ar-CI  *  HC1 


Cl  2  ♦  Ar-H  -*  Ar-CI  +  HC1 

Scheme  5.  Chlorination  in  Basic  Chloroaluminate  Melts 

The  melt  itself  does  not  catalyze  the  chlorination  in  basic  melts, 
and  the  reaction  should  proceed  only  while  there  is  excess  chlorine 
available.  In  fact,  the  reactions  in  basic  melt  were  run  with 
chlorine  gas  bubbling  through  the  reaction  mixture. 

The  mechanisms  proposed  in  Schemes  4  and  5  are  largely  speculative, 
and  there  is  little  hard  proof  for  either  one.  They  do  explain  the 


relati.c  .uTc.  cf  ch!'"‘’r^tion  and  the  fart  that  chlorination  can 
occur  at  all  in  basic  melts. 


NITRATION  REACTIONS 

The  nitration  of  aromatic  compounds  is  the  classic  textbook  example 
of  EAS.  The  reaction  is  usually  run  in  very  strong  mineral  acid, 
with  HNO3  as  the  source  of  the  putative  N02+  electrophile.  The  high 
Lewis  acidity  available  in  the  MEIC-AICI3  melts  suggested  that 
nitration  reactions  may  be  possible  in  the  room  temperature  melts. 

Nitric  acid  was  rejected  as  the  source  of  the  electrophile,  since  we 
wished  to  avoid  the  introduction  of  protons  into  the  medium.  There 
is  mention  in  the  literature  < 14)  that  nitrate  can  act  as  a  nitrating 
agent  for  aromatic  compounds,  although  NC>3'  itself  cannot  be  the 
electrophile  responsible. 

When  benzene  is  placed  in  an  acidic  ( N=0 . 67 )  melt  containing  KNC3 
(1.5:1),  nitrobenzene  (SSX)  results.  Toluene  gives  an  expected 

increased  yield  (77K.),  while  nitrobenzene  showed  no  reaction.  The 
amount  of  melt  was  carefully  measured  to  have  at  least  a  1.5:1  molar 
excess  of  AljClg',  since  this  Lewis  acid  specks  must  react  with  KNO3 
to  produce  an  NO2*  equivalent.  Unfortunately,  since  oxide  is 
scavenged  from  the  <N0g  by  tne  the  me't  is  a  reagent,  and 

net  a  catalyst  as  it  was  in  the  alky'at'cn  '‘eact'ons.  Further 
studies  are  oeing  performed  to  find  a  catalytic  nitration  system. 

Other  ionic  nitrating  agents  tested  to  date  include  NH4NO3  and 
NG2BF4.  These  gave  reduced  yields  with  benzene  <asout  "0"U. 

As  for  the  other  electrophilic  reactions  described  >n  this  report,  we 
propose  a  mechanism  to  aid  !n  the  visualization  of  the  "eact'ons. 
Scheme  6  shows  a  mechanism  for  nitration  from  n'trate  ‘n  acidic  me't;. 

NC3-  r  A 1  2c  1  7 -  •»  N02*  *  A 1 QC '  j 2 ~  .  A 1 C 1  4 “ 

N02+  *  Ar-ri  *  H-Ar+-N02  Ar-H  =  benzene 

H-Ar  +  -N02  +  Alda”  +  Ar-NOn  ♦  HC1  +AICI3 

AICI3  +  A 1 C 1 4  —  ■»  A 1 2  C 1  7  — 


NO3'  x  Ar-H  +  AICI4-  -►  Ar-N02  +  A 1 OC 1 3 2 “  *  HC1 

Scheme  6.  Nitration  in  Acidic  Chloroal umi nate  Melts 

The  crucial  step  in  Scheme  6  is  the  formation  of  the  N02+ 
electrophile  from  the  nitrate  ion;  the  first  step  shown  above.  A 
similar  extraction  of  oxide  by  the  AI2CI7"  in  acidic  chloroaluminate 
melt  is  known  for  carbonate.  The  AIOCI3X'  product  may  not  be  the 
true  aluminum  oxychloride  species,  since  oxide  is  known  to  take  many 
forms  in  chloroaluminate  melts. 
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SUMMARY 


Several  electrophilic  reactions  in  acidic  room  temperature 
chloroaluminate  molten  salts  have  been  described.  They  all  have  in 
common  the  rapid  formation  of  an  electrophile  by  the  melt  itself. 
The  use  of  the  room  temperature  molten  salts  as  reaction  medium  for 
these  organic  reactions  has  several  attractive  features.  first,  the 
melts  have  surprisingly  good  solvent  properties  for  organic 
compounds.  Second,  the  reactions  are  entirely  homogeneous,  unlike 
most  similar  reactions  catalyzed  by  suspended  A 1 C 1 3 .  Third,  the 
rates  are  very  rapid,  and  may  be  controlled  easily  by  adjusting  the 
melt  composition.  Fourth,  the  isolation  of  the  products  is  fast  and 
easy,  since  the  melt  can  be  hydrolyzed  and  the  organic  products 
extracted  from  the  aqueous  phase.  One  feature  of  the  molten  salt 
solvents  not  examined  here  is  the  temperature  effect.  The  melts  are 
liquid  at  very  low  temperatures,  yet  can  also  he  raised  to  high 
temperatures  without  significant  vapor  pressure  or  decomposition. 
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ABSTRACT 

An  ambient  temperature  molten  salt,  2: 1  pyri.ji  niun  chloride- 
aluminun  chloride,  was  used  as  tin.  a-n.t.  Ion  an  i  catal  yst.  ( jr 

tne  rriedel->ufts  acylation  of  coal;  and  10  Ini  s  )•*!  to  ip  o  in  is .  If? 
snlebi  lities  of  the  acylated  coals  were  increase!  subst  initially  over 
tne  solubilities  of  the  •inreacted  coal;,  hot  with  relatively  little 
nullification  of  the  sub-units  of  the  coa’  nac ••  j.iolerj/ 1  •? .  Acylated 
coal  was  then  oxy- al  <yl  ated  an  1  the  oxy- i !  y  1  ate  ;  coa’  1  s  sol  obi  I  Uy 
was  s jbstant i a Ily  greater  than  that  )f  tne  acylite!  coa’.  doth  acy¬ 
lation  an.l  oxy- icy  1  at  i  on  show  great  proiisa  as  techn  i  g  ins  far 
modifying  coa!  prior  to  liq  ii*  action  or  less  1  f  jri  zat  i  on . 

I  NT H  jDHCTMtl 

It  nas  been  an  apparent  that  jaseous  hi  products  of  toe  co t- 
bustion  of  coal  are  a  major  cont^i butor  to  aril  rail.  Because  a 
gradual  change  fron  a  primarily  petroleum  base  1  economy  t  >  a  coa' 
basal  economy  is  virtually  inevitable,  cleaning,  liquifying, 
gasifying,  and  generally  modifying  coa’  nave  become  lujor  goals  of 
chemistry  and  chemical  engineering.  Mealiy,  the  way  to  modify  coal 
is  to  devise  chemical  scission  reactions  which  remove  designated 
portions  of  the  coal  or  alter  specific  chemical  bonis  i s  a  known 
way.  Unfortunately,  coal  is  extremely  complex  and  very  hetir.nje- 
rtaous.  'fith  the  possible  exception  of  Illinois  no  in.li/idaal 
coal's  Structure  is  even  remotely  well  enough  understoid  t)  begin  to 
devise  coal-specific  scission  reactions.  Never-the-less,  there  are 
several  reactions  that,  show  promise  for  modifying  many  coal;  >n  a 


knjwn  nay,  and  may,  in  fact,  be  quite  general.  Among  these  are 
Fnedel-Crafts  ( r -C )  alkylations  and  acylations  (1,2,3)  and 
Oxyalkylations  (4,b). 

In  an  earlier  investigation,  we  F-C  alkylated  PSOC  244  high 
sulfur  coal  [C:55.rt%,  H:7.S%,  N:0.4St,  S:7.St  (total),  ash:14.St, 
0:12*.  (by  difference)]  with  2-propanol  in  an  ambient  temperature 
molten  salt,  2:1  aluminum  chloride-pyridiniun  chloride  (pyrCl-AlClg) 
(3).  We  found  that  this  alkylated  coal's  solubility  in  3:1  benzene- 
methanol  was  approximately  28%,  a  five-fold  increase  over  that  of 
the  untreated  coal.  The  increased  solubility  is  most  'i*.ciy  due  to 
the  breaking  of  .nethylene  chains  holding  the  sub-units  of  the  coal 
macromol ecul e  together.  The  molten  salt  served  as  both  catalyst  and 
solvent  far  the  reaction. 

Liotta  and  coworkers  found  that  ov.y-alkyl  ating  several  coal  s, 
including  Illinois  #6,  cause)  a  four  to  five-fold  increase  in  the 
coal's  solubility  in  a  variety  of  solvents.  The  reason  for  the 
increased  solubility  seems  to  be  that  the  alkyl  group  replaces  a 
labile  hydrogen  on  an  hydroxyl  group  thereby  preventing  hydrogen 
bonding  and  causing  the  coal  to  "denature",  as  it  were.  The  dena¬ 
tured  coal  is  more  easily  solvated  or  liquified  than  the  untreated 
coal . 


F-C  alkylation  alters  the  coal's  primary  structure  and  oxy- 
alkylation  alters  its  secondary  structure  making  it  potentially  more 
susceptible  to  further  modification,  but  with  minimum  damage  to  the 
sub-units  of  the  coal  macromolecule.  F-C  acylation  of  coal  is 
expected  to  have  a  similar  effect  to  that  of  alkylation,  but  because 
of  the  acid-base  equilibrium 


A1 2C1"  +  Cl*  =  2AICI4 
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may  be  a  more  efficient  process  if  acetyl  chloride  is  the  acylating 
agent.  The  chloride  is  easily  removed  forming  the  very  reactive 
1-oxoetliyl  i  um  ion  (vide  infra).  Therefore,  in  the  present  investi¬ 
gation,  we  initially  acylated  several  coals  and  model  coal  compounds 
in  pyrCl-AlCl  melt.  We  then  combined  F-C  chemistry  with  oxy- 
alkylation  chemistry  by  oxy-alkyl ating  previously  acylated  coals. 

The  reactions  were  monitored  by  noting  changes  in  the  coal's  solubi¬ 
lity  in  3:1  benezene-methanol  (benz-meth)  and  by  various  instrumen¬ 
tal  and  analytical  techniques. 

RESULTS  AND  DISCUSSION 

F-C  Acylation  of  Model  Coal  Compounds 


9‘)2 


The  model  coal  compounds  1,2-diphenylethane  (bibenzyl)  and  ben- 
zophenone  were  separately  introduced  into  the  py rC  1  - A.1  C 1  3  melt  and 
allowed  to  react  at  40°C  for  four  hours  under  a  nitrogen  atmosphere. 
This  was  done  to  test  the  extent  of  auto-alkylation.  Bibenzyl 
reacted  to  form  the  molecules  shown  below. 


Each  of  these  species  was  identified  by  6C/MS  or  by  HPLC  or  by  HNMR. 
In  addition,  a  polymeric  materia!  of  indeterminate  structure  was 
formed.  Benzophenone  did  not  react  with  itself  and  could  be 
recovered  from  the  melt.  Acetyl  chloride  did  not  polymerize  in  the 
melt.  These  data  indicate  the  initial  step  in  the  autoal kyl at  ion 
reaction  is  the  removal  of  a  H"  ion  from  the  bibenzyl  to  form  the 
carbonium  ion: 


-H- 

C6HbCH2CH2C6H5  . >  C6H5-CH-CH2C6H5  [3] 

+ 


Another  bibenzyl  then  attacks  the  carbonium  ion  and  eventually  forms 
the  identified  products  via  the  "transalky  1  at  ion"  mechanisn 
described  by  Roberts  and  coworkers  (6).  The  benzophenone  does  not 
readily  eliminate  a  hydride  ion  to  form  a  carbonium  ion  and  con¬ 
sequently  does  not  polymerize.  Acetyl  chloride  probably  reacts  with 
the  heptachloroaluminate  to  form  the  1-oxoethy  1  iuin  ion  (7): 


CH^COCl  *•  Al^CI*  =  CH3C0+  +  2A1C1"  [4] 

but  the  pyridinium  ion  is  too  inert  and  positively  charged,  and 
there  is  no  other  substrate  for  the  cation  to  attack,  so  no  further 
reaction  occurs. 


S' 9  ! 


Sibenzyl  and  henznphenone  were  t'len  acylated  1.1  the  py  rC  i  -  A I C 1  3 
melts  to  give  the  products  shown  below: 


ChSCH2CH?cnHb 
(bi benzyl ) 


CrtHbr.n2c.H2Ct,iS 


-HjiMCI 


:m3C,)CI 


- -  .> 

1-inrs 


a  resinous  [5] 
pn 1  yners 


-  MjCoct 
1 benznpheoone) 


•10'  C  resinous  polyner 

-- - >  (no  .icy late  !  compounds  [7] 

lnr,?0hr  coul  1  ne  1  lent  1 c 1 ed ) 


Curiously  enough,  identified  products  of  the  acylation  reaction 
of  :>i benzyl  never  contained  -wr*  tnan  one  acyl  group  per  benzene 
ring.  This  is  toe  sane  result  <11  l<es  and  Coworkers  found  for  the 
acylation  of  benzene  in  acidic  1-netoyl -3-ethyl i uidazol i jn  chloride- 


a  hi  li  n  in 

ch  1  or  Me 

(•Itld-Al 

Cl  3)  anbMot  temperature  no  1  ten 

salt  (7) 

The 

i.iechani  ; 

1  f  >r  the 

acylation  is  probably 

CH3COCI 

+  ai>::i 

7* - > 

CH3C  )”  a  2A1C1.J- 

[3] 

CH3C0+ 

a  ;<-d 

= 

[H-R-CO-CH3]* 

[9] 

[  H— R— Ci)-1 

CH3]"  a 

AICI4-  - 

R-CO-CM3  a  1C  1  a  AICI3 

[ID] 

Aid  3  a 

AICI4-  ' 

. >  A1 

y  i  7" 

ill] 

Tne  net  reaction  bei  ng 


CHJM-Cl  +  1-11  - 


MCI  +  it-CO— CM3 


[12] 


with  the  first  and  last  steps  in  the  above  nechanisu  being  very 
rapid  ( 7 )  . 

F-C  Acylation  of  Joel 

The  coals  ised  in  this  study  wore  Illinois  *<>  and  PSOC-IUU. 
Their  chemical  analyses  before  and  after  lemi oeral i zat i on  are  listed 
in  Table  I . 


TAB  IF  I 

%  Composition  of  Coals 


II.  ib 


2600- 11')  3 


daw 

Demi nera 1 i zed 

BdW 

De  ,ii  nera  1  i . 

c 

68  .  7 

68. S  7 

76  .8 

79.6 

H 

4.1 

4.41 

S  ,2 

6.4 

N 

1.1 

1.36 

1.4 

1.64 

S 

4.47 

P.22 

2.1-3 

1.64 

Ash 

5.  SB 

3.78 

4.4 

1.64 

0 

1S.7H 

lb .  14 

9.62 

4. -14 

Both  coal;  are  bituminous  with  the  PS0C-1103  being  of  higher  rank 
than  the  II.  »6 .  All  of  the  subsequent  coal  chemistry  was  lone 
with  HF/HC1  demi neral i zed  samples  (vide  infra). 

The  coal;  were  slurried  in  the  melt  for  lb  hours  at  4<)’C  with 
no  acylating  agent  present  and  their  solubilities  in  3:1  nenz-ieth 
were  compared  with  their  original  solubilities.  The  PSdC-1113  had  an 
initial  solubility  of  4.42  wt"  and  a  final  solubility  of  6. A3  wt". 

The  II.  1 6  had  an  initial  solubility  of  2.6g  wt”-  and  a  final  solubi¬ 
lity  of  2.60  wt%.  These  data  indicate  that  the  coal;  were  not 
reactiny  with  the  melt  to  any  significant  extent.  This  was  farther 
verified  by  comparing  the  FF-ld  spectra  of  each  of  the  coals  before 
and  after  contact  with  the  melt. 


The  effects  of  time,  temperature  and  acylating  agent  on  each  of 
the  coals'  solubility  in  3:1  benz-meth  wore  measured.  Table  II 
shows  the  results  of  varying  the  acylating  agent,  hot  keeping  tem¬ 
perature  and  time  constant,  on  both  solubility  and  wei jht  increase. 


TABLE  II 


The  Effect  of 

Acyl ating  Agent 

on  Solubi lity 

and  Weight 

Increase 

PSOC-1 103 

{4hr,  40° C) 

IL  #6  ( 15hr,40°C ) 

Acylating  Agent 

X  weight 

X 

X  weight 

X 

i ncrease 

solubi 1 ity 

i ncrease 

sol ubi 1 i ty 

Acetyl  Chloride 

12.11 

14.23 

14.63 

16 .46 

Acetic  Anhydride 

3.20 

12.10 

12.13 

11.16 

Propionic  Anhydr 

ide  0.13 

12.90 

12.16 

14.03 

These  data  indicate  a  rough  correlation  between  weight  increase 
and  solubility  increase,  which  is  not  unexpected  because  acyl  groups 
are  replacing  hydrogens  on  the  coal  macromolecule.  The  data  also 
indicate  that  acetyl  chloride  is  the  most  efficient  acylating  agent. 

The  first  step  of  the  probable  mechanism  for  the  F-C  acylation 
and  concomitant  depolyweri zation  of  the  coal  is  Eq.  [3]  followed  by: 


il 


<;9f> 


Tne  final  step  is  the  formation  of  the  acylated  depolymeri zed  coal 
and  HC1 . 

The  effect  of  temperature  on  weight  increase  and  solubility  is 
shown  in  Table  III 


TABLE  III 


The  Effect  of  Temperature  on  Height  Increase  and  Solubility 


Reaction  40° C  6U°C 


Coal 

Time  (hrs) 

?,  weight 

t  solubi 1 ity 

%  weight 

X  solubi 1 i ty 

PSOC- 

4 

12.11 

14.28 

11.98 

14. SO 

1103 

13 

8.60 

11.20 

9.20 

13.90 

IL  *6 

lb 

14.63 

16.46 

14.80 

IS. 15 

30 

13.83 

14.76 

14.10 

14.20 

These  data  indicate  there  is  little  or  no  advantage  to  acy- 
latiny  at  higher  temperatures.  In  the  case  of  the  30  hr  IL  »6 
experiment,  there  might  even  bo  a  slight  disadvantage  because  Scholl 
reactions  may  polymerize  the  coal  faster  than  the  acylation 
depolymeri zes  it  (3).  However,  the  experimental  errors  involved  are 
such  that  the  temperature  dependent  differences  in  solubilities 
shown  in  Table  III  may  be  insignificant.  Since  we  were  interested 
in  finding  the  mildest  conditions  possible  for  coal  modification, 
the  lower  temperature  was  used  in  most  reactions.  The  data  also 
indicate  PSOC  coal  gains  less  weight  after  reacting  for  8  hrs  than 
it  gains  after  reacting  for  4  hrs.  Why  this  occurs  is  not  clear, 
but  it  happens  at  both  40°C  and  60°C. 
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TAB IF  IV 


effect  of  Reaction  Tine  on  Solubility 
Reaction  Tine  (hr)  PS0C-1103  Solubility  IL  #6  Solubility 


4 

14.28 

4.10 

« 

11.20 

b  .40 

lb 

11 .4.8 

lh. 46 

30 

10.21 

14.76 

The  data  in  Table  IV  strikingly  illustrate  the  differences 
fount  l>et  wen  coals  ostensibly  treated  in  identical  fashion.  The 
solubility  of  tJSi)C-l l'l !  coal  ■-eaches  a  maximum  after  reactiny  bet¬ 
ween  4  and  b  hrs,  whereas  the  solubility  of  11.  *f>  is  maximized  after 
reactiny  between  lb  and  In  hrs.  The  increase  in  weight  of  each  coal 
follows  the  sane  pattern.  A  possible  reason  for  this  is  that  the 
aryl  sites  used  far  acylation  are  near  the  surface  of  the  PSUC  coal 
nacromolecule,  but  ire  buried  in  the  interior  of  the  II.  *6  coal  so 
that  the  acylatiny  agent  has  to  slowly  diffuse  through  the  coal  to 
the  appropriate  site  to  react.  The  1‘SOC  system  seems  to  reach  a 
steady  state  in  about  7-8  hrs  and  then  neither  increases  in  weight 
nor  iecreases  in  solubility  significantly.  11  *(>  takes  approxima¬ 
tely  lb  hrs  to  reach  a  steady  state.  The  decrease  in  the  coals 
solubility  is  probably  caused  by  Scholl  type  reactions  repoly- 
:ner  i  i  i  ng  the  coa  1  . 

Alofl  f 

2  Ar-H  - . >  Ar-Ar  +  H2  [13] 

Oxy-Alxyl ation  of  Acylated  Coal 

DS0C-1103  and  II.  *6  coal  were  oxy-alkyl  ated  in  tetrahydrof uran 
(THF)  by  a  method  similar  to  that  used  by  tiotta  (4,S)  and  the  solu¬ 
bilities  of  the  oxy-alkyl ated  product  measured.  The  method  is  sum¬ 
marized  by  the  equations: 

THI 

Coal -OH  +  (C4Hy)4N0H - >  Coa! -0-N+(C4Hq)4  +  H20  [14] 

Coal  -0*N+;C4Hy)4  a  ;h31 - >  Coa1-0-CH3  +  C4Hq)4N+r  [IS] 

Since  the  al '<yl aminoni in  hydroxide  quant i  tat i  vely  attacks  oxygens 
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with  acidic  hydroyens,  oxy-alkyl ation  should  not  be  directly 
affected  by  a  prior  acylation.  In  other  worJs,  the  F-C  alxylation 
should  break  methylene  chains  and  the  oxy-alkylation  should  break 
hydrogen  bonds.  We  therefore  oxy-alkyl ated  F-C  acylated  coals  and 
measured  their  solubilities.  The  results  of  the  oxy-alkyl at  ion 
experiments  are  summarized  in  Table  V.  It  is  immediately  obvious 
from  these  data  that  oxy-alkylation  alone  is  at  least  as  efficient 


TAULF  V 

%  Solubility  of  dxy-alkylted  Coal 


Coal 

h- a  1 kyl ated 

Acy 1 ated 

Acylated  + 
9-alkyl ated 

J-alkyl ated 
acyl ated 

PS0C-1103 

lb  .1 

14.28 

20.62 

11.62 

IL  *0 

1  /  .4 

16.46 

22.26 

lb. 81 

a  coal  solubilizing  technique  as  is  F-C  acylation.  It  is  also 
apparent  that  oxy-alkylating  and  then  acylating  is  ineffective.  In 
the  latter  case,  the  ether  and  ester  linkages  formed  during  oxy- 
alkylation  of  the  Coal  are  converted  to  altohols,  acids,  and  methyl 
chloride,  in  the  acidic  melts,  and  hydrogen  bonding  occurs  all  over 
again.  Acylation,  followel  by  oxy-alkylation,  is  substantially 
better  at  solubilizing  the  coals  than  is  either  technique  alone,  h.jt 
not  as  efficient  as  the  two  methods  should  >o  if  they  functioned 
together  as  well  as  each  did  separately.  A  plausible  reason  for 
this  apparent  negative  synerjisn  is  that  we  have  not  optimized  con¬ 
ditions  for  oxy-alkylating  acylated  coal  and  these  conditions  are 
considerably  different  than  for  raw  coal.  Our  oxy-alxyating  solubi¬ 
lities  were  always  lb-2!)'*  lower  than  those  reported  by  Liotta  using 
the  same  coal  in  the  same  solvent,  which  is  not  unusual  in  coal 
research.  This  neans  our  oxy-alkylation  technique  is  effectively 
"calibrated"  for  unreacted  coals.  Alternatively  the  coal  is  somehow 
polymerized  during  the  oxy-al kyl ati on .  Why  this  would  occur  is  not 
clear  at  this  point. 

CONCLUSION 

The  2:1  pyridiniun  chloride-aluminum  chloride  ambient  tem¬ 
perature  molten  salt  is  an  extremely  good  medium  for  F-C  acylations 
and  alkylations  of  coal  and  model  coal  compounds. 

Modi f iciation  of  the  coal's  primary  structure  (F-C  reactions) 
and  secondary  structure  (oxy-alkylation^)  are  possibly  important 


first  steps  in  designing  scission  reactions  to  solubilize  coal  and 
remove  undesirable  moieties  from  the  coal  macromolecule.  For 
example,  deinineral  ization  followed  by  acylation,  followed  by  oxy- 
alylation  might  substantially  improve  the  coals  desul f jri zabi 1 ity . 

EXPERIMENTAL  DETAILS 

Each  coal  was  ground  in  a  shatter  box  far  IS  minutes  and  then 
demi neral i zed  using  an  aqueous  HF/HC1  solution  (see  ref  3  for 
details).  Reagent  grade  AICI3  (Cerac  39.999%)  and  pyridinium 
chloride  which  had  been  distilled  at  2193C  were  used  to  form  the  2:1 
melt  which  was  stored  in  a  dry  box  and  not  purified  further. 

Weighed  amounts  of  coal,  acylating  agents,  model  compounds,  etc., 
were  added  to  the  melt  which  had  been  poured  into  a  reaction  vessel. 
The  vessel  was  removed  from  the  dry  box,  placed  ii  a  constant  tem¬ 
perature  bath  and  the  reaction  mixture  stirred  with  a  magnetic 
stirrer  and  maintained  under  a  nitrogen  atmosphere. 

After  the  requisite  amount  of  time  ha-1  elapsed,  the  reaction 
was  carefully  quenched  uy  first  cooling  the  closed  reaction  vessel 
and  then  dropping  small  pieces  of  ice  into  the  reaction  vessel  so  as 
not  to  raise  the  temperature  substantially.  After  all  of  the 
A 1 C 1 3  had  reacted  with  water,  the  aqueous  slurry  was  filtered,  and 
the  reacted  coal  dried  and  weighed.  These  operations  are  summarized 
schematical ly  below.  For  more  experimental  detail  see  ref.  2,3. 

Demineral i zed  coal  +  CH3CO-CI 
2A1C1 3 :C5H6NC1  40°C 


1COO 


LIST  OF  INFERENCES 


1.  O.W.  I.arsen,  W.E.  Kuemmerle,  Fuel,  56,  162  (1979), 

2.  n.S.  Newman,  R.E.  Winans,  "Proceedings  of  the  Third 
International  Symposium  on  Molten  Salts",  G.  Mamantov,  M. 
Blander,  G.P.  Smith,  Editors,  The  Electrochemical  Society 
Softbound  Series,  p.  426.  Pennington,  N..1.,  1481. 

3.  D.S.  Newman,  R.E.  Winans,  R.E.  Me  Beth,  .1.  Electrochem.  Soc. 
131,  1079  (1984). 

4.  «.  Eiotta,  Fuel,  58,  724  (1979). 

5.  R.  Eiotta,  K.  Rose,  E.  Hippo,  .1.  Org.  Chem.,  46  ,  27  7  (  1981). 

6.  R.M.  Roberts,  S.  Roengs-imran,  ibid,  46,  3689  (1981). 

7.  J.A.  Boon,  d.A.  Levisky,  J.L.  Pflug,  O.S.  Wil<es,  ibid,  61, 
480  (1986). 

8.  A.T.  Balaban  and  C.O.  Neni tzescue,  in  “Friedel -Crafts  and 
Related  Reactions:,  Vol.  II,  Interscience.  New  York 
(1965). 


1001 


I 


! 


SOM).  AROMATIC  Rt  ACTIONS 
IIS  I  xr;  MCI  _  -  R  I  C! !  MOI.TI  \  SM.I 
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;7TrT  all  1  -  an.!  .in  1  iy  rat  i<  n  .-.ere  s  t : '  1  i  i-J  us  i  in¬ 
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as'tae  •  • .  i  i  n  "Value  I  .hen  '.eat  i  '  i  r.  *.  .  "-enr.oyl  - 

a  t  i  n  n.  a  nJ  ae  et  '  a  t  io  i  -if  ii,:;-.::ta  ili-n  1  I  "s  -  ' 
rcsiil  tnl  it;  a  very  !:iy.d  -sole.*'  '•  v  i  t  >  of  a  r.  1 
d';  ,  respectively.  \t  1  •  i  :-  t  e’--;><  i  iturcs  -;'cr- 
te  .  1  na  yd  t :  a  1  •_  ::e  ..  a  •  pre-,  i  .1  t  •'  ;  -  ••  •>■  r  i  : i  t  *  t  ae 

-  i  s r  r .  Ht*o*.  : :  1 1  r  i- 1  ee-;  1  a  r  i  c  -  :  a  i:  :  s-  .  '  nt '  - 

r-i',11  i  l.i'f.i  •  a  s  snee  t  s  s  fu  11  e  .  ;■  Mice.!  IV’--  '  elite:. e 

a  r  i  ;•!  ♦'••:!  « e  anhydride  in  a  yield  of  f  hy  a  one 

juat  synthesis  .nvnlving  I  r  i  eJc  1  - 1 '  v  f  t  -  ’  ac  c  1  a  t  i  o'; 

and  s  ■  i  e  c  e  s  s  iv  e  i  n  t  r  u:.:0  1  ecu  I .:  r  co'.li  ition  in 
" '  -  i  i  -  an  i  e  eat  1 1  •  -t  and  a  do'  ydr.it  in.  i  :e:.f  . 


fr  i  cdol  -Cr.i  ft  -■  *  an.!  relate1  ,i  ro-  at  ie  react  loir,  aero 
conveniently  studied  using  tun  kinds  of  acidic  \  1  ('  1  _  ric'. 
•••>1  t  i'll  salts  i  -,  'el.'-.,  as  -  \  '  n  :  . X 

I  MCI  -  CO-  u'l  12.~-  XaC  1  2>'  .  .*  -el  I  ,  ny  05  °C  .  .  .'N-  i  ,  1  ■ 

[.MCI  -  oo.~-  X- et  a  el  r\ r  i  d  i  n  i  ie  i-renidi  ii.  '  n  I  '  1  , 
o  ... 

1  iiiau;  at  roon  t  e-it'c  r  a  t  u  r  e . v  -  ■■  i 


1.  1  Si  i'.1!  i'  u|  I  ",  I  \  "I  H  Y!  \  !  I  -M  '  \  ifXi  ’  'fe 


I n  connect i«p  -it1  our  earlier  study  f  5 !  on  i sener  i  :a  - 
tior.  and  other  react  in  s  of  mot  hv  I  naph  t  ha  1  ones  in  MS-\,  i 
sii|i|  1  orient. ary  study  sas  carried  out  on  met  hy  1  at  i  on  of  - 
met hy 1 na oh t ha  1  one  it  i’-terest  of  o  r  i  en  t  a  t  i  on  -o'- 1  ••  c  1  . 


'.  oo  d 
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A  mixture  of  O.'M  mol  of  -■  c  t  h  v  1  i  ,i ;  :  h  a  1  ■  ■  r;-  m  :  "  . 

no  I  of  Mel  t'i  0.005  no  1  of  ••  :i  s  added  >  1  !  .it  t  > 

'1S-A,  containing  ll.o  i-rl  nf  'tl'll,  at  IfMi'V  i  r  ;ii  ar  or 
stream.  \fter  ;•  i  riT  ru  r  iods  r>f  time  s  pee  i  men  s  of  the  mix¬ 
ture  uere  ta’.er  out  .  ;«uirci!  irto  an  icc-hri  oj'iun  ,  e.\ 

tracteJ  i.  i  !  i  ;ci  .cue,  a../  >..!>_><  ' ;  . to  a ;  !  •  •  t':.  .  . 

ducts  by  ga-  ch roma t og raph y  . 


Rf.Sill.TS  \M>  !iim'tiSb|.l\ 

In  both  reactions  quick  i  s  otter  i  -  a  t  i  on  of  the  -  t  a  r  t  i  it 
-net  hv  1  r.apht1  n  1  ciu-  to  t  lie  i  -t.-  er  ■■  a  s  r\  i  :  a  :  !  •  '  <. 

amounts  of  both  isomers  decreased  ipi  ick  1  v  within  t!  e  fir-t 
5  min  and  then  gradun  1  1  v  .  !  !u  -et  h  y  1  at  i  :  i  e:-t  s  ,  ■  .  :  i 

1  v  ''el,  seemed  to  '-e  I  ■  t  part  i  a  1  1  v  '■>  evapoi  at  i  ea:  .  '  e 

iia  i  n  j-roduc  t  s  uere  1  ,  .  -  ,  ,  i  r  ,1  !  ,  A  -  J  i  -e  t  ‘  ■  1  t.  c  '■  ’  '  '<  1  •.  t  ■ 

commonly  in  both  reactions,  but  the  it’ 

different  *'  ''on  each  other  as  rh'-v.::  i  r.  :  4 .  i  .  ’  ■  , 

of  J  ,  a  - .!  i  •••  0 1  !iyl  !  aphtha  1  one  in  *  '  ■  re  ic  t  i  m  :  '  '  An  :  - 

r  cma  rkah  1  e  . 

I  t  i<  knot,  n  that  >  am?'  .•  -  r  et  ‘tv  '  r>ht  ;  a  1 1  -  ■  :  :  ; 

very  fast  to  each  other  reach  i  ng  to  the  cuu  i  I  i  !*r  i  urn  1 

ratio-  1.4)  a  rd  1  ,  1  -  d  i  m  et 1  n;,  ,u.  1  ,  | . .  •  ~  j  1  1  .  ■  1  1  i  - 

to  the  l,5-i  sent  r,  hot'>  v  \  t  '•>  i  n  .*  •  i  •  u>  ,!«.  *•  • '  1 .  e  •••  r-.  le  t  ; 

conditions  as  employed  in  the  present  experiments  •'  . 
these  facts  and  genera  1  rules  of  orientation  e  f  *-.0t  hv  1  raph 
t!\a  I  enes  shov.  n  in  Scheme  the  ream  Mm  •  •  •  1  -  '•  .-if!  he  a - 

shown  in  Scheme  A. 

\ccor-l  i  r.g  to  the  orientation  rules,  -:u!  1  1 .1  ••  •• 

amount  of  the  1  ,5 -  cor. pout  d  a  s  •"  <t  :-v<a!  can*  •  t  ‘  ■■  pro. la  ,  .; 
by  direct  substitution  of  both  me  t  h  v  1  napli  t  ha  I  one  s  .  'or-.,, 

t  i  on  of  the  l.A-isorer  ''in-,  t  !-e  1  ,  '  ami  '.o  i  -  :  - 

possible  but  it  is  by  slow  i  nterrn  1  ecu  1  a  r  rea  r  range! -e  n  t  . 

4  here  for  e  ,  the  •-».-»  i.>r  'mart  of  !:>e  i  ,  A  -  c  ,•••■  ■  ; ,  j  •  <  • 

ed  I’v  last  i  r  t  r .  mo  1  ecu  1  a  i  rearrangement  of  the  1,' 
compound,  which  can  he  d  1  •  ect  1  v  formed  from  - 
t  ha  1  e  lie  .  'i'h  i  -  indicate-  that  the  higher  \'iel<!  of  i  ’(l  i  , 
isomer  in  t'e  reaction  with  'te  ,Sit  than  in  the  react  i  on 
v.  itli  Ale  I  is  attributable  to  the  larger  forma  t  1  or,  'f  the 
1 , I -compound  in  the  former  reaction  than  in  the  latter. 

Til  i  s  di  ‘.Terence  should  be  ascribed  to  the  character!  st  iv - 
of  the  methylating  agents  and /or  the  molten  salt  u-ci. 


1  on ! 


FORMATION  OF  IMP  YI.  INF.  FROM  ri NAPHTHYLS  IN  MS-A 


In  connection  of  our  earlier  work  11)  on  coni',  ensnt  ion 
of  naphthalene  as  a  rew  wav  lead  ini'  aromatics  to  pitch  and 
carbon,  t>’c  reaction  of  binaphthyls  was  studied.  Binaphthyls 
are  the  first  condensation  products  from  naphthalene  nr.d, 
tlierefore,  their  reaction  is  just  the  'ey  sten  in  a  series 
of  complicated  reactions. 
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A  tenth,  n  mol  of  binaphthvl  was  ad, led  to  n.n.A  mol  of 
MS-A,  kept  at  100°C  in  a  test  tube,  and  the  mixture  v  as 
stirred  well,  \fter  a  given  reaction  tinefl  and  ln  min) 
the  test  tube  was  immersed  into  an  ice  bath  to  ouonch  t  lie 
reaction  by  solidification  of  the  mixture.  '";ei;  the  mixture 
was  dissolved  in  an  icc-lifl  mixture  and  extracted  with 
chloroform.  The  extract  was  subjected  to  analysis  of  the 
products  hv  1 1 P I (1  and  PY. 


Ri. SIMM'S  \\  i  Ml  spiic  ;  |,y\ 

From  the  results  shown  in  lab  1 c  l  it  is  obvious  that 
pcrylenc  was  formed  from  bo  t  h  b  i  napTi  t  hy  I  s  as  the  ’■air  pro¬ 
duct  after  the  10-nin  reaction  and  that  a  verv  uuick  iso¬ 
merization  of  1  , 1'-  h  i  na  p!i  t  hy  1  to  the  .’ ,  2'-  i  so"cr  tool  place. 
These  facts  arc,  of  course,  important  for  the  purpose  of 
this  study  mentioned  above,  and  also  interesting  from  view 
point  of  aromatic  reaction  mechanism. 

If  a  vo  r!.  in;;  hypothesis  that  the  pcrylenc  observed  was 
produced  onlv  through  the  nt ramo 1  ecu  1 ar  condensation  of 
1  ,  1 ' - b  i  naphthy 1  is  acceptable,  the  formation  of  pcrylenc 
from  2, 2  '  -h  i  naphthyl  derail  Is  the  reversed  isomerization  of 
2, 2 ' -b i naphthyl  to  the  1 , 1 '- i sorer  .  I h  e  absence  of  1,1'- 
isomer  among  the  products  from  2 , 2 ' -b i naphthyl  can  I'c  ex¬ 
plain  hy  assuming  that  the  change  of  1 , 1 ' -b i naph t hv  1  to 
perylene  is  faster  than  its  formation  from  2,2' -h i naphthyl . 
based  on  these  facts  and  consideration,  the  reaction  oath 
should  lie  given  ns  shown  in  Scheme  4. 


o.  I S(1M I  R  I)  1 STR  1 1'.I'T ION  l.X  ACYI.ATMhV  'M  ARO'I.Vr  1C  OVTOI'NPS 
AND  RM.ATHI)  H!  ARRAN'dl  MI. NT  IN  MS-h  f  TO 

Some  aromatic  compounds  were  acylatej  with  acid  chlo¬ 
rides  in  MS-ii  with  interest  of  isomer  distribution  and 
related  isomerization.  Solvent  effect  on  isomer  distribu¬ 
tion  is  an  unsolved  problem  in  Fr  i  ede  1  -  <'r.i  f  t  :  ’  nevlai  i>>u. 
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To  a  solution  of  an  aromatic  compound  in  MS-R,  kept  in 
a  flask  at  a  given  temperature,  an  equimolar  amount  of  acv- 
lating  agent  was  added  dropwise.  After  planned  periods  of 
time,  spec  in  en*-  were  taken  out,  poi’.red  into  an  ice-l!Cl  mix¬ 
ture,  and  extracted  with  benzene.  The  extracts  wore  sub¬ 
jected  to  analysis  of  the  products  by  Sore  of  t'.e 

results  were  given  in  Table  2 . 


RTsm.is  AND  DISCUSSION 

The  results  of  the  reactions  of  naphthalene  are 
noticeable  because  of  the  very  high  selectivity  of  substi¬ 
tution  to  the  a- posit  ion.  According  to  Core  (ll,  the 
hr iedel -Crafts  acylation  in  organic  solvents  shows  a  widely 
ranging  a-sel ec t i v i t y  depending  on  the  nature  of  solvent; 
i  .e.  ,58  P6"  in  henzovl at  ion  and  25—9 1 “  in  acetylation.  don- 
pared  with,  these  values,  the  u  -  s  el  ec  t  i  v  i  t  y  of  9“  an.1  98" 
observed  here  presents  newly  the  highest  ones. 

r n  contrast  to  naphthalene,  phenanthrene  showed  a 
fairly  dispersed  isomer  proportion,  i'h.is  is  also  interest  in 
since  phenanthrene  usually  shows  a  similar  reactivity  to 
naphthalene  in  substitution  reaction.  This  difference  shall 
be  studied  in  relation  to  the  characteristics  of  MS-R, 

The  a/6- i sower  ratio  in  benzoyl  at i on  of  naphthalene 
did  not  change  at  reaction  temperatures  between  -1?  and 
:n°C  ,  while  a -benzoyl  naphtha  I cne  was  found  to  isomerizc  to 
the  R-isonci  at  temperatures  above  ca.  l.V>°C.  'o  examine 
t ! i c  mode  of  this  isomerization  an  equimolar  mixture  of  the 
a -isomer  with  phenanthrene  was  heated  at  1"0°C  :n  MS-R  and 
as  a  result,  at  least,  three  isomeric  henzov 1 phennnthrcnes 
were  detected  as  the  cross  -  rearrangement  products  as  shown 
in  Fig .  2.  This  indicates  that  the  isomerization  piocce's 
through  intermolecular  mechanism.  In  F  j  g_._d  fornation  o' 
henza n thrones  is  also  shown,  which  must  he  produced  ‘re-, 
ot  -benzoyl  naphtha  leno  and  benzoyl  y  enanthrnes  by  the  Scholl 
per i -condcnsat ion.  This  is  under  investigation  now. 


4.  ANF  -  POT  SYNTIIF.SIS  Of  \NTII|!\QDI  NON!  IN  MS-R  IM 

Among  others  tlicre  is  a  commercial  preparation  method 
of  anthraqui none  which  consists  of  two  steps  of  reaction; 
i.c.,  preparation  of  o- benzoyl henzo i c  acid  from  benzene  and 
phthalic  anhydride  by  usual  Friedel-  (’rafts’  reaction  and 
its  condensation  to  a nt h raqu i none  in  sulfuric  acid.  Here  an 
improved  one-pot  process (Scheme  5)  shall  be  reported. 
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First,  phthalic  anhydride  (0.11-0.2  noil  was  dissolved 
in  MS  -  B  at  room  temperature  and  then  ■' .  1  nol  of  hencene 
were  added  dronwisc  under  wcl  1  -st  irr  ing.  The  mixture  was 
heated  up  to  a  given  temperature  in  1  h  and  kept  there  for 
another  1  h.  The  mixture  was  poured  into  an  ice-ilCl  -ixturc 
and  the  resulting  precipitate  was  filtered  and  washed.  The 
f i l torcakc  was  treated  with  a  \a  ,iaU  solution  to  separate 
into  alkali-soluble  and  -insoluble  matters,  The  former  enn- 
tained  mainly  the  intermediate  o->'en-oy  1  hence  i  c  acid  and 
the  latter  tiie  final  product  anthraqu  i  none . 


RESULTS  ANT)  M  SCUSS  ION 

As  shown  in  Table  5  ,  arthiuuui  none  was  obtained  in 
fairly  good  yields.  The  success  of  this  •-'■ie-pat  svntlies  is 
is  attributable  to  the  dehydrating  ability  of  ’  IS  -  g  in  the 
second  step  of  the  reactions.  Another  point  of  this  •  root  « 
is  in  the  sequence  of  adding  the  raw  materials  to  MS-\. 

1’hen  bcnccne  was  first  added  and  then  phthalic  anlivdride, 
the  main  product  was  o  -  1  i  Vntovl  ho  n  rene  ,  which  rarely 
changed  to  anthraquinonc  even  after  a  prolonged  reaction 
time. 
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Table  1.  Naphthalene  Diners*  in  the  Products  from  Diphenyls 


Hinaphthyis  Reaction 

Yields 

of  Dimer s  (mo  1  "<, ) 

Time(min) 

1,1’- 

1  1  . 

Pery 1 ene 

1,1'-  1 

1  0 

3  5.0 

0.0 

59 .0 
2.1 

(j  .0 

44  .0 

2,2'-  1 

1  0 

0 .0 

0.0 

94  .0 

1  .  ~ 

O  .  5 

38 .  n 

*'H’icr  products  were  mainly 

polymer 

s  of  na 

ph tha 1  one . 

Table  2.  Isomer  Distribution  in  Acylation* 


Aroma  tics 

\c  vl  a  t  i  ii” 

React i on 

Cond i t i ons  1 somor 

Ra  t  i  o 

a  y  e  n  t 

Temp . i °C 

!  T  i  m  e  1  h  1 

(no! 

i 

To  lu  eiu- 

rh-l'Dc  1 

50 

0 . 5 

O  -  1  ,  1  - 

]  *-N  -  0  ^ 

1  >  l  - 

Na  ph  t  h  n  1  e  ne 

Ac-u’C  1 

20 

0  .5 

•-  98,  - 

Naphtha  1 ene 

Hi- roc  i 

2n 

0  .  3 

* 

3 

Phc nan- 

Ac -01(11 

:o 

n .  s 

l-  :o, 

9,  5-  2', 

t hr ene 

1-  Trace, 

9-  4  4 

.<  -  B  c  n  :  o  v  1  - 

Ph  -  (AH'  1 

inn 

3 

1,5-  0", 

!,*?(?!-  S  , 

na ph tha 1 ene 

1  ,  6  l  "  1  -  2 

*lhe  yields 

in  ere  iisiki 

My  hi  rh 

or  almost 

quant i tat 

i  v  c . 

Table  3 .  'ine-pot  Synthesis  of  Antli raqu  i  none  us  ini;  MS-H 


Raw  Materials  Rcac  t  ion  bo  i\l  i  t  i  ons  Anthcnqu  i  none 


Hen i ene 

I’ll  tha  1  i  c 

MS-  B 

Temp.  T 

i  1:1  e 

Viol  d 

no*”*- 

Anhvdr  ide 

(unit*) 

(  °n 

fin 

m 

f°C) 

(mol) 

(mol ) 

!'  .  1 

(i .  2 

s 

i  on 

i 

8  8 

28  3-4 

o  .  1 

0.11 

3 

1  on 

i 

3  3 

2  S  3  •  -4 

0  .  1 

0.11 

3 

1  'o 

3 

9  1 

2 '9-80 

*One  ” 

uni t ”  m ea  ns  a 

n  amount 

Of  'IS- 

i'  cons  is 

t  i  11”  o 

f  0.1  mol 

of  ct  hv  1  ]iy  r  i  d  i  n  i  mr 

h ton i d c 

and  0. 

2  mol  of 

A  1  ('  1  , 

**I’ure  a  nthraqu  i  no  no  melts  at  280°i 
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w  or  mo  ,SP . 

s  ^  t 

- ^ 

■’  in  MS  -  A 


Me 


'It 


Scheme  1 
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SPECTROSCOPIC  AND  ELECTROCHEMICAL  STUDIES  OK  MOLTEN  SALT  ELECTROLYSIS 
OF  ALUMINUM  AND  MAGNESIUM 

Seok-Yeol  Yoon  and  Donald  R.  Sadovay 
Department  of  Materials  Science  and  Engineering,, 
Massachusetts  Institute  of  Techno  1  op.v  , 

Oambr  i  dge  ,  Massachuset  t  s  071 39  . 


ABSTRACT 

Chloride*  based  elect  rol  vic-s  emplovtd  in  t  lu-  t  lie- 
troivti'-  production  of  aluminum  and  magnesium  have 
been  investigated  by  lastr  Raman  spectroscopy  and 
cyclic  vo  1  tviH'i'nof  ry  .  In  solutions  of  composition 
approximating,  industrial  conditions,  aluminum  and 
magnesium  exist  as  t  et  rahedra),  1  v  coordinated 
chloro- complexes  ,  AlCl,  and  MgC  1  ‘  ,  respectively. 

For  both  elements  the  elect' rodeposi  t  ion  of  liquid 
metal  was  found  to  be  quasi  -  reversible . 


INTRODUCTION 

The  extraction  of  light  metals  is  achieved  for  tin-  most  part  hv 
molten  salt  electrolysis,  a  very  ene  r  gv  -  i  n:  i  ns  i  w  process.  The  pro¬ 
duction  of  primary  aluminum  and  magnesium  is  estin.ited  to  have  con¬ 
sult:* -d  ? .  I  •  of  total  generated  electric  power  in  t  lu*  United  States 
dur i nr,  the  year  1^89  ( 1  >  . 

The  characteristics  of  laboratory -scale  aluninum  ar.d  magnesium 
cells  were  i  nvest  i  ga‘.  <  d  bv  spectroscopic  and  electrochemical  tech¬ 
niques.  The  electrolytes  were  constituted  to  lie  representative  of 
industrial  conditions.  Aluminum  cells  operated  at  a  temperature  of 
00ce:  with  an  electrolyte  of  composition  9  vt  '*  AlGl,,  h?  wt  y  l.iCl, 
and  :>3  vt  '+  NaCl.  Magnesium  cells  operated  at.  a  t  et  pern  lure  of  75U‘C 
with  an  electrolyte  of  composition  11  v;t  %  MpGl...  La  vt  *  NaGl  .  1  $  vt 
*  KG  I  ,  and  6  vt  '*  Uaul.j.  The  max  in  urn  ainv-nt  density  was  2  A  cm 

As  part  of  a  study  of  the  cans*  s  of  po.u*  powt-r  e  f  1  i  c  i  enc  v .  Rai:a 
spectra  of  labornt orv- si  a  1 e  aluminum  chlori-1.  and  mar  lies  i  urn  chloride 
electrolysis  cells  were  ireaxur.  d  com:::*  re  i.  ,  I  ;  v  av.s  i  \  ,ih  «  lac.-r  l'a;:  c; 
sea  1. 1  e  r  i  Mi’,  instrumentat  ion  was  ,»daptcd  to  pen:»:i  re.il-t  in-, 

investigation  of  ir*  It  chemistry  and  to  establish  the  basis  for  "fast 
Raman"  spec  t  roe  1  ec  t  roohem  i  s :  ry  in  this  and  other  melt  systems  \  ?  )  . 

The  results  of  the  Raitaii  work  were  combined  with  those  of  cyclic 
voltammetry  in  an  atteirpt  to  reveal  the  mechanisms  and  kinetic  path¬ 
ways  that  decrease  power  efficiency  in  aluminum  and  magnesium  cells 
and  also  to  underst and  the  nature  of  such  pheiionu  na  as  metal  for,, 
streamers,  and  me*  1 1  coloration,  all  of  which  were  observed  in  these 
1  ah?  *  rat orv -  sea  1 e  ce 1 1 s . 
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LITERATURE 

Reasons  for  the  loss  of  current  efficiency  in  aluminum  Cells 
(3,4)  and  magnesium  cells  (3.6)  have  been  discussed  in  the  litera¬ 
ture  . 

Raman  spectra  of  pure  MgClv  and  solutions  of  MgCl-  in  alkali 
chlorides  have  been  measured  (,',7-13).  In  contrast,  in  the  at.aiogou 
aluminum  chloride  systems  spectra  have  been  taken  of  A I '  - 1  3  oulv  in 
solution  in  alkali  chlorides  as  pure  AlCl^  sublimes  without  n  c- 1 1 :  i : 
under  an  applied  pressure  of  1  atmosphere  (1*18'  . 

fKvr  the  years,  magnesium  electrodeposition  has  rarely  bet*:,  tn 
topic  of  elect  rochemical  analysis.  In  the  last  decade-  there  have  be 
only  tvo  reports,  one  by  Tunold  (19)  and  one  by  Duan,  Dudley,  and 
Inman  (20).  As  for  aluminum  chloride,  it  has  been  found  primarily 
a  constituent  of  supporting  electrolytes  for  use  in  electrochemical 
studies  of  other  ions,  particularly  those  of  refractory  metals  (urou 
4,3,  and  6).  However,  there  have  been  some  studies  of  the  electrode- 
position  of  aluminum  in  chloride  melts  (21-23). 


EXPERIMENTAL 

A  detailed  description  of  the  Raman  ins t  run euta t  ior.  and  the 
1  ahorat  orv  -  sea  le  e  Lectrol  vsis  cell  can  be  found  it;  previous  reports 
(2,12.29/. 


Cyclic  vo  1  taimi. f  t  ry  was  conducted  in  a  fused  quart.;:  cell.  52  na:; 
c .  The  stainless  steel  cap  had  7  fittings.  2  gas  ports,  and  one  3  •''* 
O.D.  tube  which  accessed  the  cell  bv  means  of  a  3/8"  valve.  The  tit 
tings  were  used  for  a  thermocouple,  a  reference  electrode,  cathode  a 
anode  for  pre-electrolysis,  and  for  voltammetry  a  counter  electrode 
and  two  working  electrodes.  The  valved  tube  allowed  melt  con  pus  i  t  i  o 
to  be  regulated  and  sampled  as  well  as  the  introduction  of  a  now  /«• 
trocle,  all  without  interruption  of  the  experiment. 


The  preparation  of  anhydrous  salts  for 
has  been  described  previously  »12>. 


•  1  ec  t  r  o  1  v  t  v  i  o  i"ii  ul. 


:  i  .>i: 


In  a  typical  experiment,  rise  cell  was  charged  with  s.»l: 
assembled  with  the  cap  and  *  1  eot  rodt-s  in  the  glow  box.  The  ci 
cell  was  placed  in  an  tlectrical  resistance  t  urn  «»<*«-  v.ith,  w :  n  >.'.••  •• 
and  the  salt  was  melted  under  high  pur  it v  argon. 

For  pre -elect,  rolys  is ,  a  platinum  plate.  -*  mm  x  .8  mm.  nr..  I 
glassy  carbon  rod,  1/8"  4> .  served  as  cathode  and  anode,  respt-c 
For  the  working  electrode,  each  of  silver,  gold,  giassv  carbon 
sten,  titanium  diboride,  and  platinum  was  emploved.  The  refer* 


electrode  was  a  silver  wire  immersed  in  a  solution  of  AgCl  (5  weight, 
percent)  in  the  appropriate  supporting  electrolyte:  for  magnesium 
electrolysis.  CaCl2 -KC1 -NaCl  in  the  ratio  of  6:18:65  by  weight,  and 
for  aluminum  electrolysis,  NaCl-LiCl  in  the  ratio  of  50:40  by  weight. 

Cyclic  voltammetry  was  conducted  with  an  EC&G  PARC  Model  173 
potent iostat/galvanos tat  and  Model  175  universal  programmer.  Slow 
scan  responses  were  recorded  on  an  X-l  recorder,  while  fast  scan 
responses  were  recorded  on  a  digital  computer. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  tin-  Raman  spectrum  of  aluminum  chloride  in  its 
supporting  eiecMolvtt*  at  a  temperature  of  -'Ul'C.  F.xc  i  *.  at  ion  was 
caused  by  radiation  of  wavelength,  A  =  5J4.5  nm.  Jour  di st  i no r.  j^caKS 

have  been  ident i f ie<J :  125  cm  .  183  cm  .  144  cm  .  and  48 1  cm 

The  peak  at  349  cm*  is  polarised;  the  others  are  depolarized.  Such  a 
pattern  of  peaks  is  indicative  of  tetrahedral  coordination  and  sug¬ 
gests  the  presence  of  the  tetrachloroal umi nat e  complex.  AlCl. 

Figure  2  shows  the  Raman  spectrum  of  magnesium  chloride  in  its 
supporting  electrolyte  at  a  temperature  of  730°C.  Excitation  was 
caused  by  radiation  of  wavelength,  \  -  5J4.5  nm.  four  distinct  joaks 

have  been  ident  i  f  i  e<jl :  107  cm  .  142  cm  ,  249  cm  \  and  351  cm 

The  peak  at.  249  cm  is  polarized;  the  others  are  depolarized.  As  was 
the  case  above  with  the  aluminum  chloride  svstem.  such  a  pattern  is 
indicative  of  tetrahedral  coordlnat ion^and  suggests  the  presence  of 
the  tet.rachloromagne.sate  complex.  MgClJ  . 

Figure  3  shows  a  cvclic  vol tamm.ogram  for  the  deposition,  of  alu¬ 
minum  on  gold  at  700°C  from  a  melt  containing  1.5  wt  *  AlCl^  in  NaCl- 
LiCl  in  the  ratio  of  50:40  by  weight.  The  reference  electrode  was 
silver  wire  immersed  in  a  melt  of  AgCl -NaCl - LiCl  (5:53:42  by  weight). 
The  counter  electrode  y,’as  glassy  carbon.  The  area  of ^  the  working 
electrode  was  0.1/3  cmt.  The  scan  rate  was  0.05  V  s  In  Figure  3 
the  reduction  and  oxidation  peaks  are  clearly  evident  and  are  separat¬ 
ed  by  56  mV  which  is  close  to  the  theoretical  value  of  62  mV  for  a 
simple  reversible  3-electron  reduction  process  (25).  However,  the 
ratio  of  the  anodic  peak  current  to  the  cathodic  peak  current  is  much 
greater  than  unity,  so  the  process  cannot  he  considered  strictly  re¬ 
versible.  The  peak  potentials  did  not  change  with  scan  rate.  Thus, 
the  reduction  process  of  aluminum  on  gold  appears  to  he  quasi  - 
reversible . 

Figure  4  shows  a  cyclic  vol tammogram  for  the  deposition  of  mag¬ 
nesium  on  silver  at  800 9 C  from  a  melt  containing  7  wt  *  Mg/.'l  ,  in 
CaCl.^  -KCJ  -  NaCl  in  the  ratio  of  6:18:65  by  weight.  The  scan  i,.ito  was 
0.4  V  s  ,  and  the  area  of  the  working  electrode  was  O.f'8  onT  ,  The 
well  defined  trace  shows  clearly  the  reduction  and  oxidation  process¬ 
es.  The  residual  current  was  extremely  low  and  did  not  decrease  with 
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pre-electrol vsis .  The  value  of  the  potential  difference  between  peak 
potentials  for  the  cathodic  and  reoxidation  processes  is  greater  than 
would  be  expected  for  a  simple  reversible  process  (2b).  The  scan  rat 
had  essentially  no  effect  on  the  peak  potential:  if  anything,  both 
peaks  seem  to  shift  very  slightly  in  the  cathodic  direction  as  scan 
rate  increases. 

For  both  the  aluminum  and  the  magnesium  studies  tin*  cathodic 
peak  current  is  linear  in  the  square  root  ol  scan  rate:  over  the 
range  of  experiments  conducted  in  the  present  cell  u<>nt  i  gur<»:  i  on .  t.h*- 
current  was  mass  transfer  control  led  bv  diifusiou. 
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ABSTRACT 


Chromium  can  be  conveniently  electroplated  from  fused 
chloride  electrolytes.  The  deposition  from  LiCl-KCl 
(eutectic) -CrCl2  melts  is  known  to  produce  large  crystal 
grains.  Large  grain  size  and  other  problems  encountered 
in  the  electrodeposition  of  macrocrystalline  chromium  from 
fused  salt  are  discussed.  The  results  indicate  that 
combined  use  of  forced  electrolyte  convection  and  a 
nucleating  pulse  in  conjunction  with  a  periodic  reverse 
pulse  produces  fine-grained  deposits. 


INTRODUCTION 

Chromium  metal  has  been  shown  to  offer  good  corrosion  resistance 
in  sulfur/polysulf ide  environments  and,  therefore,  constitutes  a 
suitable  material  for  use  as  a  protective  coating  in  sodium/ sulfur 
batteries  (1).  The  protective  action  of  chromium  can  be  fully 
utilized  only  if  such  coatings  are  coherent,  have  good  adhesion,  and 
provide  a  thorough  coverage  of  the  substrate.  Chromium  electro¬ 
deposition  from  aqueous  solutions  produces  deposits  which  may  have 
microcracks  and  incorporate  hydrogen  during  plating.  Hence,  coatings 
thusly  derived  have  not  fully  utilized  the  protective  action  of 
chromium  (2). 

In  principle,  the  use  of  molten  salt  electrolytes  (e.g., 
chlorides,  fluorides)  represents  an  attractive  alternative  for  the 
production  of  chromium  electrodeposits.  Such  electrolytes  are 
oxygen-free,  hydrogen-free,  highly  conductive  media  by  which  it  is 
possible  to  deposit  the  pure  metal  at  high  current  efficiencies.  The 
electrodeposition  of  chromium  from  fluorides  has  received  some 
attention,  and  the  production  of  coherent,  well-adhered  deposits  has 
been  successfully  demonstrated  (3-6).  However,  the  disadvantage  of 
fluorides  is  that  the  systems  are  generally  considered  to  be  toxic 
and  corrosive,  and  their  utilization  implies  the  use  of  relatively 
high  temperatures  (800-1000°C)  (4).  Chloride  melts  are  a  more 
suitable  alternative  for  the  following  reasons:  they  can  be  operated 
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at  relatively  low  temperatures  (400-600°C),  they  offer  high 
conductivity,  and  they  are  not  considered  too  toxic  or  corrosive.  In 
this  work  chromium  was  elect rodeposited  from  ( LiCl-KCl ) eutect ic-CrCl2 
melts.  This  melt  is  an  adequate  refining  media  for  chromium,  which 
can  be  obtained  with  total  impurity  contents  of  less  than  70  ppm  at 
average  current  efficiencies  of  96%  (7).  Under  single 
galvanostat ic/potentiostat ic  conditions,  the  electrodeposition  of 
chromium  from  (LiCl-KCl )eutectic-CrCl2  melts  usually  resulted  in  the 
production  of  highly  dendritic  or  crystallized  noncoherent  coatings 
(8).  Clearly,  a  different  approach  was  needed. 


APPROACH 

A  notable  improvement  in  the  morphology  of  chromium 
electrodeposits  obtained  from  these  melts  has  been  achieved  by 
introducing  an  initial  nucleation  pulse  (8)  followed  by  periodic 
reverse  current.  These  steps  enable  the  production  of  coherent, 
crack-free,  well-adhered,  and  fine-grained  deposits.  Further  work 
related  to  the  character izat ion  and  understanding  of  the  chromium 
elect rocrystallizat ion  mechanism  was  undertaken,  and  the  result  was 
better  control  of  the  grain  size  of  the  deposits. 


EXPERIMENTAL 

The  experiments  were  conducted  in  a  helium-purified  glove  box 
(Sherman  Reynolds  Model  B5935)  which  has  two  cylindrical  furnace 
wells  (each  with  a  7-cm  dia  and  a  40-cm  length).  The  furnace  wells, 
which  are  provided  with  removable  sealed  tops,  can  be  evacuated  by  a 
Duo  Seal  Vacuum  Pump  Model  1397.  The  electrochemical  cell  is  placed 
in  one  of  the  wells.  The  heat  is  provided  by  a  Marshall  tubular 
furnace,  and  the  temperature  is  controlled  by  a  West  S.C.R.  stepless 
control  unit.  The  melt  is  contained  in  a  80-mL  Pyrex  beaker  that  is 
placed  within  a  6.5-cm-dia  by  17-cm-long  stainless  steel  protective 
container  resting  on  the  bottom  of  the  well.  The  cell  is  capped  by  a 
threc-inlet  glass  head,  which  provides  a  centered  stable  base  for  the 
electrodes  and  enables  their  quick  interchange.  The  preparation  and 
weighing  of  the  different  salt  mixtures  were  done  within  the  same 
glove  box,  which  is  equipped  with  a  Sartorius  balance. 

To  generate  the  different  potential  and  current  programs  needed 
for  the  tests,  a  Princeton  Applied  Research  Model  273  Potent iostat / 
Galvanostat  and  a  PAR  Model  175  Universal  Programmer  were  used.  The 
output  signals  (current /voltage  transients)  were  recorded  on  a 
Tektronik  Model  R5103N  Oscilloscope  and  on  a  Hewlett  Packard  7044A  X- 
Y  Recorder  or  a  Hewlett  Packard  7100B  Strip  Chart  Recorder. 
Coulometric  measurements  were  done  using  the  PAR  Model  379  Digital 
Coulometer . 
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A  conventional  three-electrode  system  was  used:  the  reference 
and  the  counter  electrodes  were  made  of  chromium  pieces  (purified, 
carbon-free,  fused)  from  Fisher  Scientific  Co.  and  were  spot-welded 
to  platinum  wire  for  electrical  contact.  The  chromium-melt  contact 
areas  were  approximately  2  cm^  and  0.5  cm^,  respectively.  The 
working  electrodes  were  Type  304  stainless  steel  (SS)  coupons  made  of 
0.5-mm  thick  plate  spot-welded  to  1.6-mm-dia  Type  308  SS  rods  for 
electrical  contact  (1-2  cm^  melt-substrate  area).  In  some 
experiments,  the  working  electrodes  were  held  in  a  motor-driven 
stirrer,  with  variable  speed  in  the  range  of  20-300  rpm.  The  SS 
electrodes  were  nnodically  cleaned  before  use  in  a  H2SO4  solution 
(0.53  specific  gravity)  at  6  V  for  1  min,  according  to  a  procedure 
recommended  for  improved  deposit-substrate  adherence  (9).  The 
morphology  of  surfaces  and  sections  of  the  elect rodeposits  on  steel 
substrate  were  examined  by  scanning  electron  microscopy  (SEM). 

The  electrolyte  consisted  of  LiCl-KCl  (41.5-58.5  mol  %, 
purified,  Li  contacted)  eutectic  from  Anderson  Physics  Laboratories 
and  chromium  (II)  chloride  (98%,  anhydrous)  from  Alfa  Products.  The 
working  temperature  was  450°C. 


RESULTS  AND  DISCUSSIONS 
Characterization  of  the  System 

Figure  1  shows  some  typical  cyclic  voltammograms  obtained  with 
the  (LiCl-KCl) eutect ic-CrCl2  system.  Two  reversible  waves  are 
observed  when  scanning  on  tungsten  electrode  (curve  a).  A  small  pair 
of  waves  are  on  the  anodic  side  at  approximately  +0.2  V,  and  a  large 
pair  are  on  the  cathodic  side  at  approximately  -0.7  V.  These 
potentials  correspond  to  the  reduction  of  Cr(III)  to  Cr(II)  and 
Cr(II)  to  Cr(0),  respectively.  Studies  of  similar  cyclic 
voltammograms  obtained  in  the  LiCl-KCl-CrCl3  system  at  500°C 
confirmed  the  number  of  electrons  associated  with  each  wave  (10). 

The  Cr ( III ) /Cr (0 )  wave  does  not  appear  in  the  cyclic  voltammograms 
for  tungsten  or  Type  304  SS  (curve  b).  This  is  precluded  by  the 
early  wave  related  to  the  anodic  dissolution  of  the  substrate.  The 
waves  corresponding  to  the  Cr(II)/Cr(0)  pair  are  observed  in  both 
substrates,  and  they  exhibit  the  typical  shape  associated  with  a 
deposition/dissolution  process  on  an  inert  substrate  (11-13). 

Instead  of  increasing  smoothly  with  the  overpotential  change,  the 
current  on  the  cathodic  branch  rises  abruptly  (curve  a,  Fig.  1) 
resulting  in  a  sharp  cathodic  peak.  An  equally  sharp  fall  in  current 
occurs  after  the  anodic  peak;  this  is  consistent  with  the  stripping 
of  a  finite  quantity  of  metallic  deposit  from  the  electrode  surface. 
The  rising  part  of  the  cathodic  wave  is  cathodically  displaced  with 
respect  to  the  equilibrium  potential  (E°)  for  Cr ( I I ) /Cr (0 ) .  This 
delay  in  starting  the  cathodic  process  is  related  to  the  initial 
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resistance  involved  in  the  formation  of  the  new  chromium  phase  on  a 
foreign  substrate.  This  process  requires  the  application  of  an  extra 
overpotential  related  to  the  extra  work  necessary  for  the  initial 
creation  of  critical  chromium  nuclei. 

The  chromium  elect rodeposit ion  for  low-concent rat  ion  melts 
(0.931  mol  dm“3)  has  been  observed  to  be  controlled  by  mass  transfer 
(9).  Several  facts  suggest  that,  at  very  high  CrCl2  concentrations, 
the  chromium  electrodeposition  process  in  this  melt  is  controlled,  to 
a  large  extent,  by  ohmic  resistance  in  ♦‘he  melt.  Figure  2  shows 
cyclic  voltammograms  obtained  on  Type  304  SS  at  2.12  mol  dm-^ 
concentration.  The  rising  cathodic  branch  shows  a  practically  linear 
current-voltage  relation  for  the  case  of  still  and  rotated 
electrodes.  The  rotation  of  the  electrode  introduced  only  a  slight 
increase  in  the  current-voltage  slope,  indicating  a  slight  degree  of 
mass  transfer  control.  Previous  work  on  electrorefining  chromium 
from  similar  melts  reported  a  decrease  of  the  conductivity  of  the 
electrolyte  with  an  increase  in  the  CrCl2  concentration  (7). 

Chromium  Electrodeposits 

Chromium  deposits  were  obtained  by  different  controlled- 
potential  techniques  at  various  CrCl2  concentrations.  The  most- 
frequent  deposition  technique  used  at  this  stage  is  the  initial 
nucleation  pulse  (INP)  technique,  shown  in  Fig.  3.  In  this 
technique,  the  deposition  process  is  started  with  a  high,  short 
overpotential  pulse,  where  a  large  number  of  isolated  chromium  nuclei 
are  formed  to  secure  a  thorough  initial  coverage  of  the  substrate. 

The  deposit  is  then  grown  at  a  low  overpotential,  precluding  the 
growth  of  dendrites  and  ensuring  the  development  of  a  coherent 
morphology . 1 ^ 

Figures  4  and  5  show  the  dramatic  influence  of  CrCl2 
concentration  on  the  morphology  of  chromic  electrodeposits  produced 
by  the  INP  technique.  At  the  highest  concentration  2.12  mol  dm~3, 
Fig.  4),  the  deposit  consists  of  large  crystals  that  have  not  merged 
into  a  continuous  layer,  leaving  large  spaces  between  them.  Between 
the  large  crystals,  a  lower  layer  of  small  crystals  were  formed 
during  the  initial  nucleation  stage  these  do  not  fully  cover  the 
substrate.  At  the  low  concentration  (1.5  mol  dm~3.  Fig.  5),  the 
deposits  obtained  show  a  noticeable  decrease  of  the  grain  size  and  a 
very  compact  structure  (deposits  of  this  kind  already  show  some 
metallic  shine  on  their  surface).  The  coatings  were  found  to  be  well 
adhered  to  surface,  as  shown  by  optical  microscopy  of  the  chromium- 
substrate  interface.  Also,  no  microcracks  were  observed. 

The  observed  morphological  changes  with  CrCl2  concentration  can 
be  explained  mainly  based  on  the  cyclic  voltammograms.  With  the 
CrCl2  concentration  variation  from  high  to  low,  there  is  a 
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Further  work  will  focus  on  the  elec trodepos it  ion  of  chromium 
using  forced  mass-transfer  conditions  ar.d  more-complex  pulsing 
current /voltage  regimes  and  will  be  reported  later.  Tr.e  desired 
result  is  to  reach  a  more  accurate  control  on  the  grain  size 
distribution  and  morphology  of  the  deposit. 

This  work  was  supported  by  the  U.S.  Department  of  Energy,  Office 
of  Energy  Storage  under  contract  number  W-3 1 - 109 -ENG-38 . 

REFERENCES 

1.  A.  Brown  and  J.  E.  Battles,  Argor.ne  National  Laboratory, 
personal  communication  (1936). 


2.  Electric  Power  Research  Institute,  "Corrosion  of  Chromium  Coated 
Steel  in  Sodium  Polys-.;  1  f  ide  Envi  t  •■r.mont  s  ,  "  Report  EPRIEM-2948 

< 1933). 

3.  R.  A.  Bailey  and  7.  V " :■ ,  in.  Proceed : of  the  F 1  r  t 
International  Syr.ponium  on.  lyH  tory  S_a  1 1.  -y  Chev.J.s  t :  y  yir.d 
Technology ,  Kyoto,  Japan.,  p.  1  15  (  1983). 

4.  J.  F.  Smith,  Thin  Solid  Films,  95,  15".  (19*2). 

5.  U.  Cohen,  J.  Elect  red;.—  .  See,  128,  7  3 :  (19*1). 


6.  S.  Ser.de  roff.  0.  W.  Me  Hors,  e*  ai.,  J.  Elect  ro<.  hem.  See.,  112, 
841  (1965). 


G.  Gunawardena,  G.  Hills,  and  I.  Montenegro,  J.  Elect  roanal . 
Chon. ,  138,  241  (1982). 

D.  Inman,  T.  Vargas,  S.  Duan,  and  P.  Dudley,  in  Proceedings 
Fourth  International  Symposium  on  Molten  Salts ,  The 
Electrochemical  Society,  Inc.,  New  Jersey  (1982). 

I.  Markov,  A.  Soynov,  and  S.  Toschev,  Elect rochimica  Acta,  18, 
377  (1973). 


1 1 )  J  - 


0.2  A  cm  2  l'"'\ 

10mA 


^05  7/  “  -1.0 

/ /E  vs  Ag/0.5  M  AgCI  (Reference) 

i  //  v 

;  / 

i  // 

i  1  > 

.// 

a 


Figure  1.  Cyclic  Volt  angiogram  for  the  (LiCl-KCl)  eut-CrCi-2  System. 

C:0.931  mol  dm’-\  V:0.1  s’^.  a:  on  Tungsten,  b:  on  304  SS. 

b. 


Figure  2.  Cyclic  Voltammogram  Figure  3.  Initial  Nucleation  Pulse 

for  the  CrCl2  on  Method;  :  Nuc  leat  ion  Over 

304  SS.  C:2.12  mol  Potential,  T/Q:Growth  Over- 

v:0.1  V  s’  1 .  a: St  ill  Potential,  t^:Nucleation 

Electrode,  b:Rotated  Pulse  Width,  tQiGrovrth  Tin1 

Electrode  (24  rpm) . 
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ABSTRACT 


The  iron  corrosion  process  in  the  molten  equimolar 
NaN03-NaN02  mixture  was  studied  as  a  function  of  melt 
acidity.  A  reaction  model  has  been  proposed  from  analysis  of 
impedance  spectra  and  was  compared  with  earlier  thermodynamic 
and  kinetic  results.  This  model  which  accounts  for 
experimental  data  has  allowed  us  to  show  the  importance  of 
the  diffusion  phenomena  through  the  various  iron  oxide  layers 
constituting  the  corrosion  products.  Besides,  the  acidity 
dependence  of  impedance  spectra  and  more  precisely  of  charge 
transfer  resistances  has  revealed  the  existence  of  a  narrow 
range  of  acidity  (relative  to  NaFeOo  stability)  for  which 
iron  corrosion  is  minimized. 


INTRODUCTION 


Corrosion  of  iron  and  iron  alloys  in  molten  nitrate-nitrite 
mixtures  has  been  studied  primarily  because  of  the  application  of 
these  salts  as  both  a  heat  transfer  fluid  and  a  thermal  energy 
storage  medium.  Results  in  the  literature  for  salts  without 
contaminants  indicate  the  formation  of  iron  oxides  (1-11).  It  has 
been  observed  that  the  corrosion  products  are  Fen03(s),  which  forms 
the  external  layer  in  contact  with  the  salt,  and  Fe-jO^fs),  the 
internal  layer  in  contact  with  the  metal.  For  temperatures  greater 
than  600°C,  it  has  been  shown  that  a  highly  basic  species  of 
iron(III),  the  sodium  ferrate,  NaFeC^,  appears  in  the  external  layer 
(8).  Studies  on  steel  behavior  in  molten  sodium-potassium  nitrate- 
nitrite  mixtures  at  450°C  reported  by  Spiteri  (6)  indicate  that  there 
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are  different  corrosion  rates  depending  on  the  (oxo)aciditv  level 
[defined  by  pO^'  =  -log  m(0~”)].  In  particular,  a  decrease  in  the 
corrosion  rate  has  been  observed  in  moderately  basic  media,  jointly 
with  the  formation  of  sodium  ferrate  as  one  corrosion  product.  A 
similar  result  has  been  observed  by  Baraka  et  al .  (1)  in  sodium- 
potassium  nitrate  for  temperatures  between  250°C  and  400°C. 

In  previous  work  (9,10)  we  have  demonstrated  the  relationship 
between  the  nature  of  iron  oxide  species  and  the  oxide  anion  content 
in  the  melt.  Stabilitv  constants  of  iron  oxides  have  been  determined 
by  means  of  potent iometric  titrations  and  equilibrium  potential-pO*- 
diagrams  have  been  deduced  from  them  in  the  temperature  range  from 
420  to  500° C.  The  main  result  of  this  thermodynamic  study  is  that 
different  compounds  of  iron(III)  may  be  formed  according  to  the 
acidity  of  the  nitrate-nitrite  mixtures.  In  strongly  basic  media, 
FeoOc^’  or  Na^Fe-jO^Cs)  are  stable  in  contact  with  the  melt.  In 
moderately  basic  media,  the  stable  iron  oxide  species  are  FeO-j"  or 
NapeCMs),  and  in  acidic  media  Fe203(s). 

From  the  previously  quoted  authors*  works  and  ours,  we  can  assert 
that  the  iron  corrosion  in  molten  nitrate-nitrite  mixtures  leads  to 
the  formation  of  a  multilayered  product.  The  outer  layer  in  contact 
with  the  melt  is  constituted  by  iron(III)  oxides  whose  surface 
composition  depends  on  the  melt  acidity,  and  the  deepest  layer 
consisting  of  l^O^s)  [and  perhaps  FeO(s)]  in  contact  with  metallic 
iron.  Moreover,  knowing  after  Spiteri  (6)  that  alkali  ions  are 
contained  in  the  iron(III)  oxide  layer,  suggests  penetration  of  melt 
inside  the  outer  layer,  we  can  predict  for  the  latter  a  structure 
formed  by  several  secondary  layers  constituted  by  i r on (III)  compounds 
all  the  more  acidic  the  deeper  they  are  because  of  the  oxide  ion 
concentration  gradient  in  the  layer  (Fig.  1). 

The  purpose  of  this  paper  is  to  study  the  iron  corrosion  process 
in  the  molten  equimolar  nitrate-nitrite  mixture  from  a  kinetic  point 
of  view,  thus  completing  our  work  on  the  stability  of  iron(III) 
oxides.  This  was  undertaken  by  using  chronopotent iometrv  and 
especially  A.C.  impedance  techniques.  The  latter  allow  us  to  obtain 
in  situ  information  on  the  mechanism  and  kinetics  of  the  steps 
involved.  This  electrochemical  technique  has  been  successfully  used 
in  aqueous  solutions  (12-14).  However,  relatively  few  studies  have 
been  carried  out  in  media  where  corrosion  leads  to  the  formation  of 
insoluble  products  adhering  to  the  metal  surface  (15-17). 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Technical. 

Preparation  of  the  melt,  procedure,  and  apparatus  have  been 
described  in  detail  in  previous  papers  (18-20).  For  each  experiment. 
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100g  of  an  equimolar  sodium  nitrate-nitrite  mixture  were  introduced 
into  a  platinum  crucible.  pO*-"  was  imposed  by  using  the  buffer 
couple  HoO(g)/OH"  whose  acidity  constant,  given  by 
Kcj=P(H20T.m(0^~ )/m(OH* )“ ,  takes  the  value  10*^-^  at  420<;C  (20). 

I  concentrations  m  of  the  dissolved  species  are  given  in  the  molality 
scale  and  partial  pressure  of  water  P(HtO)  is  given  in  atm]. 

The  working  electrode  was  a  high  purity  iron  wire  (1  mm  diam.  ) 
supplied  bv  Johnson-Mat  they ,  with  a  dipped  surface  area  in  the  melt 
of  60mm~.  The  platinum  crucible  was  used  as  a  counter  electrode. 

The  reference  electrode  is  described  elsewhere  (20). 

The  chronopotent i ograms  were  recorded  with  the  help  of  a  three 
pen  Y/T  Servofram  SRM  recorder  (Set  ram). 

Impedance  measurements  have  been  performed  over  the  frequency 
range  100  kHz-10mHz  using  the  Z  computer  system  (Tacussel)  composed 
of  a  Tacussel  electronic  unit  and  of  a  Hewlett-Packard  9826 
microcomputer.  Measurements  have  been  carried  out  under  linear 
conditions  using  a  small  amplitude  sine  wave  signal  of  1 OmV .  In 
order  to  avoid  external  perturbations  on  the  electrical  measurements, 
t.he  cell  was  surrounded  with  a  ground  connected  Faraday  cage,  and 
screened  wires  were  used  for  connecting  electrodes  with  the 
electronic  unit.  Fifteen  minutes  are  necessary  to  perform 
measurements  over  the  whole  frequency  range  considered.  Data  were 
stored  on  standard  5  1/4  inch  flexible  disks  and  further  analyzed  by 
means  of  the  HP  9826  microcomputer  and  HP  7470  A  plotter. 

Chronopotent iometric  evidence  for  a  first  transient  phase  followed  by 
a  quasi  steady-state  second  phase  in  iron  corrosion. 

The  potential  of  an  iron  electrode  under  open  circuit  conditions 
was  fallowed  as  a  function  of  t  ime  for  different,  values  of  pOw" 

(Fig. 2).  In  all  cases,  the  iron  electrode  potential  increases  at  the 
beginning  of  corrosion,  involving  the  formation  of  iron  oxides.  This 
transient  phase  was  observed  until  the  potential  reaches  a  steady- 
state  value  depending  on  melt  acidity,  which  corresponds  to  the 
potential  of  the  NO 3” /NO?"  redox  couple  as  indicated  by  comparison 
with  the  potential  of  an  inert  platinum  electrode  (Fig.  2).  The 
stabilization  of  the  iron  electrode  potential  does  not  exceed  2  hours 
and  is  shorter  at  lower  p0*-~  values.  Impedance  measurements  were 
performed  at  the  stabi  ized  test  potent  ;  a  l  of  t  ho  iron  working 
electrode . 

AC.  Impedance  studies  of  the  second  phase  of  the  iron  corrosion 
process. 

Variation  of  impedance  spectra  as  a  fund  ion  of  oxide  ion 
bulk  concentration  at  a  given  immersion  time  (t  =  3.5  h).  Fig.  3 
gives  in  the  complex  plane  typical  impedance  spectra  obtained  in  the 
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molten  equimolar  NaNO^-NaNOo  mixture  at  420°C,  for  four  p0~  values: 
1.4  and  2.9  corresponding  to  basic  media  where  the  stable  iron!  Ill  ) 
oxide  is  Na^FeOTC^,  p0~”  =4.3  which  is  the  value  for  which  the 
latter  ferrate  transforms  into  NaFeO'>  (moderately  basic  media)  and 
the  last,  p0^~  =  5.2,  which  corresponds  to  the  t ransf ormat ion  of 
NaFe02  into  Feo03  (acidic  media). 

-)  _ 

These  spectra  are  constituted,  whatever  the  pO-  values,  by  two 
composite  capacitive  loops.  They  show  (i)  that  the  different 
phenomena  involved  during  iron  corrosion  have  time  constants  close  to 
each  other,  resulting  in  a  convolution  of  capacitive  loops  and  (ii) 
that  the  effect  of  p 0^~  is  characterized  by  a  frequency  shift  uf  the 
capacitive  phenomenon  (Fig.  5)  and  by  a  maximum  of  impedance  (and  so 
a  minimum  in  the  corrosion  rate)  for  a  p0*-~  value  equal  to  4.3,  which 
corresponds  to  the  formation  of  the  ferrate,  NaFeO-?. 

Variation  of  impedance  spectra  as  a  function  of  inmersion  time  at 
a  given  oxide  anion  bulk  concentration.  Two  values  of  p0^~  were 
considered:  1.4  and  4.3  for  which  a  maximum  impedance  was  observed. 
Analysis  of  Fig.  4  clearly  shows  the  opposite  corrosion  behavior  of 
iron  for  the  two  media  considered.  In  the  first  case  <pOw"  =  1.4), 
impedance  decreases  when  immersion  time  increases,  to  reach  a  low 
value  indicating  a  fairly  constant  corrosion  rate.  On  the  contrary, 
for  p0-“  =  4.3,  impedance  increases  with  i miners i on  time  indicating 
the  formation  of  a  passivating  film.  Iron  corrosion  is  then  stiongiv 
1 imi ted. 

Somewhat  different  behavior,  depending  on  melt  acidity,  is 
observed  for  impedance  spectra  toward  the  low  frequency  region. 
Contrary  to  that  which  is  observed  for  a  pOw“  value  equal  to  4.3, 
experimental  data  obtained  at  p0*-~  =  1.4  present  a  large  scattering 
for  frequencies  lower  than  1  Hz  (Fig.  5).  This  fact  suggests  that 
iron  corrosion  products  can  flake  off  the  metal  for  this  melt, 
ac  id i ty . 


MODELLING  OF  THE  IRON  CORROSION  PROCESS 

Thermodynamic  and  kinetic  experimental  studies  have  shown  that 
after  the  transient  phase  of  iron  corrosion  (during  which  NO^"  and '01 
NOt'  oxidize  the  metallic  iron  which  is  quickly  recovered  by  an  oxide 
layer),  corroded  iron  can  be  schematically  represented  as  follows: 
metallic  iron  is  coated  by  a  layer  of  magnetite,  which  is  itse.f 
covered  by  a  layer  of  iron(lll)  oxides  (whose  surface  is  in  c 01  tact, 
with  the  melt),  thus  defining  four  zones  and  three  interfaces  as 
indicated  in  Fig,  6.  It  should  be  noticed  here  that  the  sequence 
Fe/ Fe-jCb/ FeoO^  has  been  reported  as  the  thermodynamically  most  stable 
system  (21)  and  is  often  referred  as  the  passive  film  on  iron  in 
aqueous  solutions  (21,22). 


1(1  H 


Proposed  reaction  mechanism. 


The  iron  corrosion  process  in  the  molten  equimolar  NaNO^-NaNOo 
mixture  can  be  described  by  the  following  steps: 

(i)  diffusion  of  the  oxidizing  species  (NO3  and/or  NO>")  and  0~~ 
anions  through  the  outer  iron  (III)  oxide  layer  from  its  interface  1 
melt  to  the  interface  II  (Fig.  6): 
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(ii)  the  occurrence  of  two  electrochemical  reactions  at  the 
interface  II:  the  N0? ’  species,  which  have  diffused,  can  be  reduced 
when  they  contact  the  magnetite  (which  is  known  to  have  excellent 
semi -conduct ive  properties  (23,24)]  with  the  production  of  oxide 
ions: 

N0Z’+  ze'  -  k1  — >■  NO  +  (z  - 1)  02"  [3] 

(diffusion  of  NO  has  been  assumed  to  be  sufficiently  fast  so  as  not 
to  be  a  limiting  step). 

^  The  oxidation  of  ?e-jO ;t  to  fe20j,  which  consumes  a  part  of  both 
0“"  produced  by  reaction  [3]  and  0~~  coming  from  the  melt  bv 
diffusion  [2],  according  to: 

2  Fe304  +  O2' —  k2  — >  3  Fe203  4  2e‘  l') 

( i i i )  diffusion  of  the  oxide  anions  not  consumed  by  reaction  id] 
through  the  magnetite  layer: 

O2'  -  D3(02-)— ^  02-  [5] 

(Interface  II)  (Interface  III) 

and  finally, 

(iv)  oxidation  of  metallic  iron  into  magnetite  (Interface  III): 

0.75  Fe  +  O2’  - k3  — >  0.25  Fe304  +  2  e  [6] 

We  can  state  here  that  nitriding  is  ci  result  of  isolating  the 
surface  of  the  metallic  ir*  n  from  the  melt,  by  oxide  layers.  Metallic 
iron  is  in  fact  in  contact  with  nitrogen  monoxide  under  a  very  low 
partial  pressure  of  oxygen;  conditions  are  favorable  for  further 
nitriding  (10,11). 


Determination  of  the  faradaic  impedance. 

In  order  to  test  the  reaction  model.,  we  have  calculated  the 
corresponding  impedance  Zf  by  the  classical  method.  The  details  of 
the  calculation  of  Zf  have  been  given  elsewhere  (25).  The  following 
expression  for  the  faradaic  impedance  was  obtained: 

R-j  ^2^3(1  +a)(1  +b)(1  +c) 

R1R2(1+a)  +  n1R3(1+a)(1+c)^R2R3(1-0.33b)(Wc) 

where:  R:  =  charge  transfer  resistance  of  the  ith  electrochemical 

reaction: 

=  [  3FS  kjbj  mII(N03‘))'1  for  HI, 

R9  =  [  2  FS  k^bi  j(0“" )  1 "  ^  for  [4],  ami 
R3  =  [2FS  k3b3  mjj(0~“)]~*  for  |6] 

F  =  9.6487. 10A  C  mol’1 

S  =  surface  area  of  the  iron  electrode  (0.6  cm*-) 

K:*  rate  constant  for  the  ith  electrochemical  reaction  = 
k° |  exp(-bir>) 

=  intrinsic  rate  constant;  bi  =  Tafel  slope;  -  =  overpotential). 

mI  I  ( NO3  “ )  and  10^(0“’)  are  the  concentrations  of  SO3"  and  0*'"  at  the 
interface  II,  respectively. 

a  =  k1  th  [82  ^D2(N031 ;  ^fj^D^NOy) 

b  =  k2  th  tS2  ^  iw  /D2(  °2')]  '  ^  jw  D2(02') 

C  =  k3  th  [53  V  jco  /D3(  O2-  )]  /  V  jo  D3(02-) 

where:  and  63  are  the  thicknesses  of  the  iron(lll)  oxide  layer  and 

that  of  the  magnetite  layer,  respectively;  DolNO^")  and  Dn(0*-~)  are 
the  diffusion  coefficients  of  NO3"  and  0*-“  in  the  iron(III)  oxide 
layer,  respectively,  and  03(0^“)  is  the  diffusion  coefficient  of  0“” 
in  the  magnetite  layer. 

The  overall  impedance  was  obtained  bv  taking  into  account  the 
contribution  of  electrolyte  resistance  Re  and  double  layer 
capacitance  Cd,  as  well  as,  the  resistance  R  and  the  capacitanc?  C  of 
the  iron(HI)  oxide  layer,  which  appears  as  indicated  in  the 
equivalent  electrical  circuit,  represented  in  Fig.  7.  .Such  a  circuit 
has  been  successfully  used  in  aqueous  solution  to  describe  t.he 
corrosion  of  iron(26)  and  mild  steel (27)  coated  with  organic- 
compounds.  The  overall  impedance  Z  is  given  by  the  following 
expression : 


!  0  3  5 


Z  =  Re  +  z[HjcoCz]'1  [8] 

with: 

z  =  R  +  Zf  [1  +jwCdZj]‘1  [9] 

Testing  of  the  proposed  reaction  mechanism 

Impedance  spectra  have  been  simulated  from  the  expression  of  the 
overall  impedance  ( F.q  .  (  8  ]  ) .  A  good  fit  has  been  observed  (Fig.  8) 
with  the  values  of  the  considered  parameters  collected  in  Tables  1 
and  2.  This  confirms  that  the  proposed  reaction  model  accounts  well 
for  all  the  experimental  data. 

Moreover,  information  about  the  elect  t*;cal  properties  of  the 
iron(III)  oxide  layer  and  the  charge  transfer  resistances  were  also 
obtained.  In  particular,  the  charge  transfer  resist ances  determined 
at  pG~"  =  ■'* .  3  are  quite  obviously  higher  *  low  corrosion  rated  than 
those  determined  at  p0^~  =  l.-'i.  This  is  consistent  with  the  fact 
that  the  product  RC  has  a  constant  value  tor  p0^'=  •♦ .  \  (Table  2)  thus 
indicating  a  poor  porous  film,  which  is  not  the  case  for  p0^~  =  l.d 
(Table  1). 


CONCLUSION 

iron  corrosion  in  the  molten  equimolar  NaNOj-NaNCH  mixture 
involves  complex  processes  in  which  diffusion  phenomena  piav  an 
important  role.  A  reaction  model  accounting  for  impedance 
measurements  has  been  proposed  and  has  led  to  the  acquisition  of 
electrical  parameters  characterizing  the  outer  irondlP  oxide  layer, 
which  is  one  of  the  corrosion  products.  The  composition  of  this 
layer  depends  on  melt  acidity.  Only  NaFeO-»,  formed  in  the  very 
narrow  domain  ranging  from  p0~'  =  •'* .  1  to  r).2  has  passivating 
propert  ies . 
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Potential(V) 


Figure  1 :  Predicted  compositions  of  iron  corrosion  products  as  a  function  of  the 
bulk  oxide  ion  activity  in  the  molten  equimolar  NaNOg-NaNOg  mixture. 
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Figure  2  :Chronopotentiometric  study  of  iron  corrosion  in  the  molten  equimolar 
NaNOg-NaNOg  mixture  at  420‘C  for  given  values  of  pO2', cologarithm 

of  the  bulk  oxide  ion  activity  [(J)  iron  electrode;(»)platinum  electrode] 


1037 


-Zi/n 


Figv  e  4-  Immersion  time  dependence  of  impedance  spectra  for  two  values  of  melt 
acidity  :  p02'=  1 .4  and  pO2'  =  4.3  [  equimoiar  lMaN03-NaN02  mixture 
at  420 ’C]. 
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Figure  5:  Bode  phase  plots  and  Bode  amplitude  plots  for  iron 
corrosion  in  the  molten  equimolar  NaNOj-NaNC^  mixture  at  420°C, 
obtained  with  an  iron  electrode  immersion  time  of  20  hours  at  two 
given  pO^‘  values:  showing  experimental  data  scattering  for 
frequencies  lower  than  1  Hz  when  pO^~  =  1.4  (strongly  basic  medium). 


Figure  6  :  Schematic  representation  Figure  7  :  Equivalent  circuit  of  the 
of  the  proposed  reaction  overall  impedance  relative 

mechanism  for  iron  corrosion  to  iron  corrosion  in  the  molten 

in  the  molten  equimolar  equimolar  NalMOg-NaNOg 

NaNOg-NaNOg  mixture.  mixture. 
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Log 


Figure  8:  Comparison  of  the  Bode  phase  plots  and  Bode  amplitude  plots  calculated 
from  Eq  [8]  (solid  lines)  and  experimental  data  (points)  for  iron 
corrosion  in  the  molten  equimolar  NaN03-NaN02  mixture  at  420"C  and 

for  an  immersion  time  equal  to  3.5  h  showing  the  consistency  of  the 
reaction  mechanism  proposed. 
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Table  1  :  Immersion  time  dependence  of  impedance  model  parameters  for  iron 
corrosion  in  the  molten  equimolar  NaNOg-NaNOg  mixture  at  pO2'  =  1 .4 
and  T  =  420'C. 


t 

1,25 

3.5 

23 

60 

Re 

1,1 

1 

0,7 

0,5 

R 

1 ,8 

3 

0.2 

0,8 

C 

25 

50 

66 

16 

Cd 

30 

60 

100 

55 

R1 

200 

280 

too 

100 

r2 

400 

200 

3 

3 

k2/V  2D2(o2-') 

2 

2,25 

26 

26 

f2V  2/D2(c1-) 

1 

1,2 

1,2 

1,2 

R3 

1 

1 

0,1 

0.2 

k3/V2D3(or-} 

400 

400 

100 

150 

J3V2"/D3  (o1') 

0.4 

0.4 

0.8 

0,8 

Table  2  :  Immersion  time  dependence  of  impedance  model  parameters  for  iron 
corrosion  in  the  molten  equimolar  NaNOg-NaNOg  mixture  at  pO2"  =  4.3 

and  T  =  420‘C. 


t 

1 

3,5 

20,5 

44 

68 

Re 

1 

0,4 

0.4 

0.4 

0,4 

R 

8 

11 

17 

18 

20 

c 

27 

13 

8 

8,5 

7.5 

Cd 

15 

4.5 

2 

3 

2,5 

R1 

350 

700 

750 

750 

780 

r2 

2000 

3000 

4000 

4000 

5000 

k2N  2D2  ( gig 

0,4 

0,15 

0,15 

0,1 

0.1 

$2V  2/D2  (gig 

1,7 

3 

4 

6 

6 

R3 

s 

20 

20 

20 

20 

k3N  5D3(0l) 

160 

110 

125 

160 

160 

{3V  2/D3 (gig 

1 

2 

3 

4 

3 

[  In  Table  1  and  Table  2,  all  parameters  have  their  usual  units  ]. 
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Water  Content 

530 

Water  Impurity 

407 

Weld  Droplet  Compositions 

931 

Weld  Wire  Compositions 

931 

Welding  Parameters 

921 

Welding,  Electrochemical  Reactions  in 

929 

Welding,  Flux 

928 

Welding,  Submerged  Arc 

928 

Welding,  Thermochemical  Reactions  in 

929 

Wetting,  Visual  Observations 

605 

X-Ray  Diffraction,  CaCl-,-KCl 

175 

X-Ray  Diffraction,  Tungsten  Carbide 

808 

X-Ray  Diffraction,  LiF-KCl,  KF-KBr,  K.F-KI 

165 

Ytrria-Stabi 1 ized  Zirconia 

471 

1057 


Zirconia  Membrane  Electrode 
Zirconia-Air  Electrode 
Zirconium  Boride  Film 
Zirconium  Carbide  Film 
ZnB^-NaBr  Melts 
ZnCl2  "AlClj  System 
ZnC^-H^O  System 


693 

805 

769 

767 

814 

394 

110 


1058 


